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¥ Clhinese

ave you ever heard

the story about the
butterfly that flaps

its wings in China

and causes a hurricane in
another part of the world?
I've heard many varia-
tions of that story, but
each illustrates the idea
that even the tiniest
change can produce enor-
mous effects in the future.
After recently visiting
China, I can assure you
that the butterfly is flap-
ping—furiously. The
changes going on in China

The Dragon Gates Bridge crosses a gorge
approximately 125 meters above the
water of the Yangtze River. In June 2003,
) _, _ the water will be raised to about 10
are having an enormous .o .o sbove where the top of the bridge
impact on the world. now stands.

Those of us in manufacturing should consider those changes
and how they could affect us and our companies down the line.

Most of us have known for some time that the butterfly is
flapping in China. But it wasn't until I went there and saw some
of the activity myself that I realized the butterfly weighs about
500 pounds.

For example, China has building projects that dwarf any-
thing ever done. One of the best examples is the Three Gorges
Project on the world's third longest river, the Yangize.

Through this project, the Chinese government is building
what will be the world’s largest hydroelectric dam. The concrete
structure will tower 610 feet (186 meters) above the Yangtze.
The 1.3 mile-wide dam will raise the water level by 175 meters,
creating a reservoir from Yichang City in Sandouping to
Chongging—a distance of 400 miles (more than 600 km).

The Three Gorges Project began in 1993 and is supposed to
be completed by 2009. This year, in June, they will be raising
the level of the water behind the dam by 135 meters.

When complete, the Three Gorges Dam will contain 27.15
million cubic meters of concrete, more than twice as much con-
crete as the Itaipu Dam on the Parana River between Brazil and
Paraguay. That dam used 12.8 million cubic meters and is cur-
rently the world’s largest hydroelectric dam. The Grand Coulee
Dam, America’s largest, used 9.2 million cubic meters.

The Three Gorges Dam will use 26 turbine generators to pro-
duce up to 18,200 megawatts of electricity. That's more elec-
tricity than a dozen nuclear power plants.

When the river is fully dammed, 13 cities, 140 towns and more
than 1,300 villages will be submerged. Consequently, nearly 2
million people and thousands of houses, apartments, businesses,

Buﬁewﬂies

factories, farms, ports and wharfs are being relocated from the
banks of the river to the tops of the gorges.

Also, the dam is supposed to improve flood control and nav-
igability of the river for ocean-going vessels, allowing more
cargo to go into and out of central China.

There is plenty of other construction going on throughout
China, too. Office buildings are going up like mushrooms in
Beijing and Shanghai. Those in Beijing are very utilitarian, but
the new buildings being constructed in Shanghai are gorgeous
examples of distinctive modern architecture.

What I saw of the characteristics of the Chinese people leads
me to believe that their level of activity is going to continue for
some time. The Chinese people I met and observed seemed to
be ambitious, cheerful, optimistic, hard working and skilled. In
addition, more and more of the Chinese workforce is becoming
highly educated, and recent economic reforms have enabled the
spirit of entrepeneurship to flourish,

So what does this mean to those of us who are involved in
manufacturing in the rest of the world? It's hard to tell what will
happen when a butterfly flaps its wings.

I know a number of gear manufacturers who have formed
relationships with one or more Chinese companies. Some are
buying their blanks from overseas. Some are importing rough
gears from China and are finish-grinding them here. Others are
producing gears in China. Today’s manufacturing world is
becoming one without borders. Things that happen in one area
of the world can have a huge impact in other areas. Those peo-
ple who are best able to think globally today may be best able
to compete globally tomorrow,

In the end, it may turn
out that the butterfly is not in
China after all. Perhaps it’s
in another region of the
altogether. Then
again, perhaps it is you who
are the butterfly, and it’s the
small changes you make
today—including  paying
attention to the global econ-
omy—that will have a big
impact on your future,

world

Michael Goldstein, Publisher & Editor-in-Chief
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REVOLUTIONS

Gear Technology Launches
Electronic Version

E-GT, the electronic version of Gear
Technology, launched with our
January/February 2003 issue. Feedback
from our readers around the world has
been tremendous.

Within 24 hours of notifying our e-
subscribers that E-GT was available,
nearly 500 of them had come to our
website to retrieve the files, Many of
those who have used E-GT have written
to offer their congratulations and comments.

“1 have just received your electronic
version of Gear Technology and wish to
express my satisfaction for having all
the information available on my desk-
top. Keep up the good work,” wrote the
chief operating officer of a major gear
and drive manufacturer in Italy.

E-GT is an exact duplicate of the
printed magazine, except that it has
been prepared in PDF format. E-GT

includes all of the same technical articles
and departments found in the printed
version, It includes all of the charts,
graphs, figures and tables. It even
includes all of the advertisements.

% have now  read the
January/February 2003 issue online,”
wrote a gear specialist at the transmis-
sion division of a major American automo-
bile manufacturer. “The quality of the elec-
tronic issue is excellent. All the text and
figures can be easily read, even better
than in the paper edition (the zoom fea-
ture is quite helpful). The uniquely elec-
tronic nature of E-GT is a real plus since
1 can search far more powerfully.”

E-GT reaches nearly 1,500 sub-
scribers in more than 50 countries—and
the list grows daily. Many of those sub-
scribers wouldn't otherwise be able to
receive our content, especially those who
are outside the United States.

“E-GT sets us apart from other trade

magazines,” says publisher and presi-
dent Michael Goldstein, *“Through this
format, we're able 1o deliver our infor-
mation and advertising anywhere in the
waorld. We're using E-GT to expand our
international readership.”

E-GT is available for free to quali-
fied readers—anywhere in the world—
and subscribers don’t have to wait for it
to be delivered through the mail.

“Thanks for mailing me the elec-
tronic version of Gear Technology.”
wrote the general engineering manager
of a major industrial gear drive manu-
facturer in India. *'I had no problems in
downloading the same.”

If you'd like to join our growing list
of E-GT subscribers, visit our website
at www.geartechnology.com and follow
the links under the E-GT logo, or fill out
the card that's bound inside this magazine.

Ipsen Offers a New Variation of
Automated Heat Treat System

A set of rails, a row of process cham-
bers and a mobile vacuum loader make
up the latest heat treat system from Ipsen
International Inc.

The system’s purpose: Allow compa-
nies to run different heat treat jobs at the
same time and move their parts (read:
gears) for quenching while keeping each
gear load at its ideal temperature.

Ready for sale in October, the system
was designed to make a company's heat
treat operation as flexible as possible,

Called mult-i-cell. the system can
include process chambers that vacuum
carburize, vacuum harden or carboni-
tride. It also can include low temperature
chambers that can nitride or ferritic nitro-
carburize.

Mult-i-cell can heat treat various
types of loose gears. It can also heat treat
transmission and drive shaft gears, as
well as axles.

In a heat treat operation, the chambers

are arranged in a row and the rails are

|

New from Ipsen International Inc., mult-i-cell includes o mobile vacwum loader (for left) that moves on rails in
front of process and quench chambers.

laid down in front of them. Riding the
rails, the 2.5-ton vacuum loader moves in
front of the chambers, transferring gears
from process chambers to high pressure
gas quench chambers or oil quench
chambers.
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The vacuum loader is the unique part
of the system, says Thomas Wingens. A
materials engineer and metallurgist,
Wingens is vacuum product manager at
n

Ipsen International’s operation

Rockford, IL.
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The loader transports processed loads
under heat and vacuum, so a gear load
can be transferred from process chamber
to quench chamber without exposure to a
factory's cooler air.

Also, as Wingens explains, the loader
can be changed to any temperature in
minutes. So, it can carry a load of gears
at one temperature, then carry another
load at a different temperature.

The loader’s temperature can range up
to 2,000°F. Lowering the temperature
over a wide range, like from 1,700°F to
fully cooled down, takes about six min-
utes and requires using the system’s cool-
ing station.

For cooling more than 500°F, the
loader is moved in front of the station,
which consists of blowers. The loader’s
door is opened, and the station’s blowers

"

/

A/W Systems Co. announces that it is now a
manufacturing source of spiral gear roughing
and finishing cutters and bodies.

We also can manufacture new spiral
cutter bodies in diameters of 5" through 12"
at present.

A/W can also supply roughing and finishing
cutters for most 5"-12" diameter bodies.

Whether it's service or manufacturing, con-
sider us as an alternative source for cutters
and bodies.

You'll be in for a pleasant surprise.

NEW! Hob and Shaper Cutter Resharpening
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0000000000000
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— REVOLUTION S | —

force cooler air into it.

Lowering the temperature over a nar-
rower range, like from 1,700°F to
1,600°F, happens via natural heat loss.
Increasing over such a narrow range can
be done in two minutes, Wingens says.

He adds that processing temperatures
usually vary within a 50-100°F range.

Mult-i-cell is the latest among a num-
ber of heat treat systems designed to
process gears under vacuum and transfer
them for quenching without exposing
them to atmosphere.

Other systems for transferring gears
without exposure to cooler air come from
ALD Thermal Treatment Inc. of
Blythewood, SC, and ECM U.S.A. Inc.
of Kenosha, WL

Like Ipsen's mult-i-cell, ALD's
ModulTherm consists of a row of process
chambers. But, ALD uses its rails to
mobilize the system’s quench chamber.

The quench chamber contains the
loader and moves in front of the process
chambers. Therefore, ModulTherm
transfers gear loads directly from process
chamber to quench chamber.

Introduced about a year ago, ALD's
system has process chambers for plasma
carburizing, chambers for vacuum carbu-
rizing and chambers for vacuum harden-
ing. Its quench chamber can gas quench
gears. ALD has sold one system.

Available since 1996, ECM’s system
consists of two rows of chambers. The
rows face each other and are connected
to a vacuum tunnel via porls on its two
long “sides.” Inside the large tunnel, a
shuttle car moves gear loads between
process chambers, a quench chamber,
and a load/unload chamber.

Called ICBP, ECM’s system can
include process chambers that carboni-
tride, vacuum harden and vacuum car-
burize. ECM has sold more than 55 sys-
tems, in the horizontal configuration
described and in a vertical configuration.

All three systems can be expanded
with additional chambers. ECM’s tunnel
usually has a maximum of eight ports:
six for process chambers, one for a
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and
Still,

chamber for a

quench
load/unload chamber.
be created with 10 or 12 ports.

one

tunnels can

Ipsen’s system can include eight
process chambers with one loader. It can
also include up to 10 process chambers
with one quench chamber. (With nine or
10 process chambers, muli-i-cell would
have two loaders on the same track.)

With 11 or more process chambers, a
company would need to set up a second
system. But, Wingens says the Ipsen sys-
tem might be kept from iis maximum
size by other constraints, like the amount
of floor space available for a row of
chambers.

ALD’s standard system can have up
to six carburizing chambers, but the com-
pany can attach more process chambers.

The number of process chambers
depends on the production volume per
time unit and on the case depths that a
company needs in its gears. As Wingens
explains, if the gears need shallow case
depths,
process chambers, for example. If they
need deeper case depths, then the system
would need more process chambers, like
eight, because of longer carburizing times.

mult-i-cell can consist of six

Ipsen’s base system—a process cham-
ber, a quench chamber and a vacuum
starts at $1.2 million. Additional

loader
process chambers cost $300,000 apiece.

The system can handle gear loads that
36" deep, 25" high, and
weigh 1,100 pounds.

are 24" wide,

All three systems are fully automated
and
workloads for maximum efficiency. The

include software that schedules
more varied the heat treat processes and
the tighter the time constraints, the more
helpful the software for scheduling jobs.

Also, according to their representa-
tives, all three systems have uptimes of
90% or more.

Since Ipsen finished testing mult-i-
cell in October, it has sold the system to
a commercial heat treater in Germany
and a captive gear job shop in China.

Wingens the
designed for captive and commercial

says system was

REVOLUTIONS

heat treaters serving the automotive and
aerospace industries.

Still, he predicts that automotive com-
panies will process the greatest volume
of parts with the system and that their greatest
demand will be for carburizing gears. ©
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Determination and
Optimization of the Contact
Pattern of Worm Gears

Bernd-Robert Hohn, Karl Steingrover and Michael Lutz

Summary

The load capacity of worm gears is mainly
influenced by the size and the position of the con-
tact pattern. A new method was developed that
allows for the determination and optimization of
the idle and load contact patterns in the design
stage. By this method, the contours of worm and
worm wheel are simulated point by point, taking
into account the boundary conditions of the man-
ufacturing process.

The idle contact pattern can be derived from
these contours by pairing them together in such a
way that the assembly deviations define the posi-
tion of worm and wheel. The load contact pattern
can be determined from the idle contact pattern
by adding the deflections of the teeth and gear
bodies and the elastic deformations of the bear-
ings and the housing.

This procedure can also be used for automated
optimization of the contact pattern, so optimum
machine settings can be found without a trial
manufacturing. Comparisons of these theoretical
contact patterns with real contact patterns of gears
in practice showed a good correlation.

Introduction

The load capacity of worm gear drives is
mainly influenced by the size and the position of
the contact pattern. The actual load capacity cal-
culations according to DIN 3996 (Ref. 1) or ISO
CD 14521 (Ref. 2) assume contact patterns that
are well positioned and cover nearly the whole
flank of the wheel.

m
(=] =5 [=]
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Figure I—Influence parameters on the contact
pattern of worm gears.
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Size and position of the contact pattern depend
on many parameters, like manufacturing type,
accuracy, geometry of the housing, kind of bear-
ings and operating conditions (see Fig. 1).

The estimation of the influence of these param-
eters on the contact pattern, and therefore on the
load capacity, requires great experience.

Normally, the idle contact pattern is checked
after assembly by painting some teeth of the
wheel with contact paint. After several revolu-
tions, the abrasion of the contact paint is used to
evaluate the idle contact pattern. Although this
procedure is simple, it is time consuming.
Furthermore, experience is needed if the contact
pattern has to be adjusted. Other disadvantages of
this method are that the load contact pattern and
local specific overloads cannot be detected. To
avoid this old-fashioned procedure, an analytical
method was developed that allows for the deter-
mination of the idle and load contact patterns in
the design stage.

These investigations were carried out at the
Gear Research Centre (FZG) at the Technical
University of Munich, Germany, and were sup-
ported by the Gear Research Organization (FVA)
of Frankfurt, Germany, through research project
252 (Ref. 3).

Idle Contact Pattern

By this new method, the contours of the worm
and the wheel are calculated point by point by tak-
ing into account the boundary conditions and
deviations of the manufacturing process.

The points of the worm in the axial sections
and the wheel in the corresponding sections are
described by simulating the final manufacturing
process (grinding wheel or hob). Then, these two
contours are brought into contact in a way so the
center distance and the assembly deviations define
the position of each contour. If this is done for
several mesh positions, the idle contact pattern is
then the summation of the smallest distances
between the contours of worm and wheel at each
mesh position.
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Calculation of the contour of the worm. The
contour of different types of worm flanks can be
described by simulating the final manufacturing
process, which is usually done by grinding or cut-
ting. In accord with DIN 3975, the worm'’s flank
contours that are ground include a concave pro-
file in the axial section, an involute profile in the
transverse section and a convex profile in the
axial section. The flank contours that are cut
include a straight profile in the axial section and
a straight profile in the normal section (Ref. 4),
The grinding disk, for example, can be character-
ized by the diameter d,,, the pressure angle o, and
the profile (see Figure 2).

The contour of the grinding disk can be either
described by analytical equations (Ref. 5) or
approximated by a series of discrete points, Here
the approximation by discrete points is used.

The discrete points of the worm contour can be
achieved from the points of the grinding disk by
simulating the manufacturing process in a way so
the grinding disk has to be rotated around the worm
axis in several steps and simultaneously has to be
moved in the direction of the worm axis to achieve
the lead. An example is shown in Figure 3.

The advantage of this procedure over the ana-
Iytical method is that the real geometry—which
deviates from the ideal geometry—can be taken
into account. These deviations are grinding with a
modified center distance, modified pressure angle
or modified lead. Furthermore, modifications like
crowning can be added to this model.

Calculation of the contour of the worm
wheel. The basic idea for calculating the contour
of worm wheel flanks is the same as shown for
the worm. Here the final manufacturing process is
usually done by cutting. The hob can be charac-
terized by the diameter d,, the pressure angle o,
and the profile.

The hob’s contour can also be approximated
by a series of discrete points. The discrete points
of the wheel contour can be achieved by simulat-
ing the manufacturing process as shown in Figure
4, Here the hob has to be rotated around the wheel
axis in several steps and simultaneously moved in
the feed direction. An example for such a wheel
tooth contour is shown in Figure 5.

Because the contour of the wheel is not based
on empirical equations, the influences of modifi-
cations on the hob, like increased hob diameter,
center distance modification and lead modifica-
tion, can be taken into account.

Simulation of the assembly of the worm gear.
During the assembly of worm and wheel in the
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Figure 2—Derivation of the worm contour by sim-
ulating the grinding process.

Figure 3—Contour of a worm with a straight pro-
file in the axial section and with two teeth (individ-
ual points only shown for one plane).

Figure 4—Derivation of the worm wheel contour by
simulating the cutting process (radial or tangential).
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4

Figure 5—Contour o lf one tooth of a worm wheel
(individual points only shown in one plane).

Figure 6—Deviations from the ideal mounting
position of worm and wheel in the housing.

Figure 7—Pairing of the contours of the teeth of
worm and wheel (individual points not shown).

distance between flanks

10 mm

%s 7um B tdpm BHs 21um Hs 286um > 28um

Figure 8—Example for an idle contact pattern.

housing, deviations from their ideal position can
occur. These deviations, of course, also have an
influence on the size and the position of the con-
tact pattern. The most important deviations are
(see Fig. 6):

* wheel offset Ab,

» deviation of the center distance Aa,

* shaft angle error AZ, and

* plane error AN.

If the contour from the discrete points of the
worm and wheel teeth are known, the assembly
process can then be simulated by sliding the worm
and wheel together, taking into account the afore-
mentioned boundary conditions.

Now the distances between the different points
of worm and wheel can be calculated. Usually for
one pair of points there is a minimum distance Ay,
(see Figure 7). From all distances Ay, Ay, has to
be substracted. Distances, which fall into a speci-
fied small range, can now be viewed as contact
points for this position of worm and wheel. These
contact points form one contact line. This proce-
dure has to be repeated for a series of positions of
worm and wheel. The individual contact lines then
form the idle contact pattern. An example is
shown in Figure 8.

Load Contact Pattern and Specific Load

The idle contact pattern is not identical to the
load contact pattern. Under load, the contact pat-
tern is further influenced by the worm deflection,
the tooth deflection, deflection of the gear bodies
and the elastic deformations of the bearings and
the housing. For the determination of the load
contact pattern and the specific load, the method
of influence numbers is used. In this model, all
influences that do not depend on the load are
described by a rigid body, while all load-depend-
ent influences are described by a spring system
(see Fig. 9). The application of a tooth load to this
model leads to deformations at the different stiff-
nesses and therefore to different specific loads at
the specific points along the flank. The load con-
tact pattern is the summation of all points where
the load is > 0,

For load-free conditions and ideal geometries,
the pads (spring system) and the wedges (rigid
body) are in contact over the whole length (see
Fig. 9a). This is the theoretical contact line. For
real geometries with no load. there is a contact
only in one point (see Fig. 9b). In this position, the
pad is still undeformed. These are the boundary
conditions of the idle contact pattern. Under load,
the pads will be deformed (see Fig. 9¢). The total
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deformation can be described by a system of equa-
tions, For the determination of the discrete defor-
mations at each contact point and the determina-
tion of the single loads at these points, the follow-
ing equations have to be solved:

Summation of the single loads:

F,.=XF=E*F (1)
with: F, = total load, F, = single load in a spring
element, E = unit vector, and F = vector with all
single loads.

Components of a single deformation:
Sf‘ i agﬂ il 8: (2)
with: §,* = single deformation in one spring element,
3,,, = total deformation of the pad, and §, = distance

between spring element and pad with no load.

System of load-deformation equations:

=g+ F (3)
with: 8* = vector with single deformations and g =
matrix with all elastic components.

These equations lead to Equation 4:

F,=E+q'*[5_ -8) )

ges
This is a scalar equation, where F_is known from
the torque. The determination of the matrix g with
all elastic components is made by calculating all
influences separately according to Equation 5:

a= " + g% + ¢V + gfZ 4+ WL 4 4GH (5)

where the single matrices with elastic components
are (see Fig. 10):

¢V for the influence of worm shaft deflection,

¢ for the influence of the deflection of a
thread of the worm,

g™ for the influence of the wheel shaft deflection,

¢*  for the influence of the deflection of a tooth
of the wheel,

g™ for the influence of the deformation of the
bearings, and

g for the influence of the deformation of the
housing.

The determination of the different matrices can
be done by using the method of influence num-
bers. This is shown as an example for the defor-
mation of a tooth of the wheel (see Fig. 11).

To determine the influence numbers for the
tooth deformation, the theory of thin slices is used,
For each contact point, one slice is used.
Depending on the tooth shape and the point where
the load acts, the deviation of the tooth can be cal-

TAAAAH

c) real conditions,

a) geometric ideal b)real conditions,
conditions no load with load

Figure 9—Model of the mesh between worm and worm wheel: a) geometric
ideal conditions; b) real conditions, no load; c) real conditions, with iad.

tilting and sliding

the worm shaft

tooth deformation tooth body deformation

(worm and worm wheel) (worm and worm wheel)

Figure 10—Mechanical models for determination of the matrix with elastic
components.

Figure 11—Slice model for the influence of the deformation of a tooth of a
wheel; thickness a = constant,

specific load Fb
[ 30z N/mm = F > 227 N/mm [[[]] 227 N/mm & Fb > 151 N/mm

[N st 8/mmzFp > 76N/mm [[] 76 N/mm 2 Fb > 0 N/mm
[ Fp = 0 N/mm

T
T T O

Tt ni
LA

Figure 12—Example of a load contact pattern
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R U=0.19
H=-0.47

n=234'
S /' F=59%
) U=0.31
" H=-0.61
n=26.7"

Us>0

Figure 14—Specification of contact pattern according to size and position.

culated according the theory of Weber and
Banaschek (Ref. 6). The load P is divided into its
components: Q,, N, and M,,. These lead to a nor-
mal load N, a transverse load Q and a bending
moment M in the section at x.

To determine the deformation in the direction
of the load, the deformation energy is set equal to
the integral over the elastic stress energy. It is:

Pw, = %L% dx + ‘éj;"%f“ + %L% dx
(6)

with: P = load, w, = deformation in direction of

the load, X, = length of the slice, o, = load direc-

tion angle, Q = transverse load at x, N = normal
load at x, M = bending moment at x, E = Young's

i
2

modulus, G = shear modulus, / = mass moment
of inertia at x, A = cross section at x, and Ag =
shear area at x.

This equation can be solved in the direction of
the deformation w_, which can be viewed as one
point in the matrix ¢*Z,

The result of this procedure is a load contact
pattern as shown in Figure 12. Contrary to the
idle contact pattern, where the different levels
characterize the minimum distances between
worm and wheel, the different levels of the load
contact pattern characterize the specific loads
along the contact lines.

i Optimization of the Contact Pattern

The procedures described in the previous sec-
tions lead to contact patterns that correspond very
well with measured contact patterns of gears in
practice. Normally, the measured contact patterns
do not have the optimum size and position.
Therefore, an optimization must be done, for
which great experience is necessary. A contact
pattern, calculated by using the procedures
described in the previous sections, can be opti-
mized by variation of the different manufacturing
and assembly parameters. This makes sense only
if there is knowledge of how the different param-
eters influence the size and position of the con-
tact pattern. In the following, a procedure is
described stating how this selection can be done
automatically.

First, the parameters—which can be varied for
achieving a better contact pattern—have to be
selected. Then, a series of calculations has to be
made by varying these parameters in several
small steps. This leads to a series of contact pat-
terns, An example of such a series is shown in
Figure 13.

From this series, the optimum contact pattern
(and the corresponding manufacturing and
assembly parameters) can be found by classify-
ing the size and position of the contact patterns
using the characterizing parameters F, U and H:

The parameter F is the calculated area of the
contact pattern as a percentage of the theoretical
possible contact area as shown in the left part of
Figure 14.

The parameter U characterizes the position of
the contact pattern in the circumferential direc-
tion of the worm. For the calculation of U, the
center of gravity of the area used for the determi-
nation of F, is used (see left part of Fig. 14). It
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i can be determined using Equation 7:
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U - t BIBIWH (7)

Per definition, values for U between -1 and |

+1 are possible. If the center of gravity is in the

inlet area, U will have a negative value; U = 0 if |
the center of gravity is in the middle of the flank |

and a position in the outlet area has a
value.
The parameter H describes the position of the

contact pattern in the direction of the tooth j

height. For this, the center of gravity of that area
of the contact pattern is used where the smallest
distances were calculated in the case of the idle
contact pattern or the highest specific loads were
calculated in the case of the load contact pattern,

(see right part of Fig. 14). The restriction on this |
small area was done because if the whole area is ;
used, contact patterns with peaks at the tip or the 1

root would be classified as well-adjusted contact
patterns. H can be determined as follows:
H=(r-r Jr,- Jifr<r,

Jifrzr, (8)

H=(r-r  Jr,~
Also, the parameter H can reach values

ffﬂl’i

JIIlN lll H

between —1 and +1, where a positive value repre-
sents a position of the contact pattern in the direc-

tion of the tip of the tooth and a negative value |

represents a position in the direction of the root.

The result of this classification is shown by an
example in Figure 15. A typical position of a con-
tact pattern is in the tooth height direction in the
middle and in the circumferential direction tend-

ing slightly into the outlet area. This means H |

should be in the area of 0 and U should be in the
area of 0.1. In the example, this corresponds to a
traverse angle 1| = 20, which leads to a size of
the contact pattern (parameter F) of 87%.
Conclusion

These procedures were verified by a comparison
of calculated idle contact patterns with real contact
patterns of worm gears in practice. An example
from this comparison is shown in Figure 16. From
this figure, it can be seen that the calculated contact
pattern correlates very well with the measured con-
tact pattern. Therefore, these procedures are suitable
for the determination and optimization of the con-
tact pattern of worm gears. O

This paper was previously presented at the

International Conference on Gears, held March 13-15, |
2002, in Munich, Germany. Also, the paper was previ-
ously published by VDI Verlag in the conference’s pro-

ceedings, in VDI report 1665.
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Figure 15—Results of the classification of the cal-
culated contact patterns (example).

datsroe beteren flanke

Figure 16—Comparison of a real contact pattern
with the calculated contact patiern.
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Design Robustness and its
Effect on Transmission Error
and Other Design Parameters

Donald R. Houser and Jonny Harianto

Abstract

Transmission errors, axial shuttling forces and
friction result in bearing forces that serve as the
major excitations of gear noise. This paper will use
these factors as well as gear stresses and tribologi-
cal factors to assist in obtaining optimal gear
designs. The design basis comes from an actual
application in which two different gear pairs were
tested. One of the pairs was exceptionally noisy and
the other exceptionally quiet, with the latter being
insensitive to manufacturing variation.

Introduction

The reduction of gear noise has been a long-
standing goal for automotive engineers who are
seeking to improve the noise-vibration-and-harsh-
ness (NVH) performance of vehicles. Methods of
reducing gear noise include attempting to reduce
excitations at the mesh by minimizing dynamic
forces due to transmission error or by reducing
force transmissibility from the mesh to noise radi-

Table 1—Gear Geometry for Coarse-Pitch Gear Pair.

Case Coarse-Pitch
_Bepa of gears Pinion Gear
umber of teeth 21 32
Module 4.0
Pressure angle (degrees) 20.0
Helix angle (degrees) 140
Active face width (mm) _430
Center distance (mm) 123.68
Qutside diameter (mm) 121,65 14229
Root diameter (mm) 101.94 12341
Profile contact ratio 1.52
Face contact ratio 0.83
Total contact ratio 2.35
Table 2—Gear Geometry for Fine-Pitch Gear Pair.
Case Fine-Pitch
Type of gears Pinion Gear
Number of teeth
Module 3.63
| Pressure angle (degrees) 20.0
Helix angle (degrees) 16.0
Active face width (mm) _430
Center distance (mm) 123.68
Outside diameter (mm) 122.10 143.13
Root diameter (mm) 102.21 122.94
Profile contact ratio 1.83
Face contact ratio 1.04
Total contact ratio 287
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ation surfaces. This paper will focus on obtaining
gear designs that minimize these excitations and
then evaluate the sensitivity of some of these
designs to manufacturing vaniability,

The paper will first focus on the analysis of
two gear designs, one that was exceptionally
noisy and one that was exceptionally quiet. The
transmission manufacturer attempted many modi-
fications to the profile of the first design, given in
Table 1. No matter what manufacturing variations
were applied, though, the gear sels were very
noisy. A second gear design, given in Table 2, with
finer module was designed. When installed in the
application, this design proved to be very insensi-
tive to manufacturing errors. Literally all of the
gears of this design had an acceptable noise char-
acteristic. The designers were indeed fortunate to
have come up with this improved design, but the
greater issue was to learn what was different in the
two designs so that this knowledge could be used
to achieve future designs that are less sensitive to
manufacturing errors. This paper will also present
procedures that allow the designer to determine
the robustness (sensitivity to manufacturing
errors) of a given design.

Gear Noise Excitation Prediction

Transmission error, which results from both
gear tooth deflections and manufacturing errors,
has long been felt to be the main exciter of gear
noise (Refs. 1-3). Providing tip and root relief to
the profiles of the gear teeth usually compensates
for the transmission error component caused by
tooth deflection. However, there are often occa-
sions when low transmission error gears are still
unacceptably noisy. These occurrences have
resulted in a rethinking of the total gear noise
excitations by considering two additional force
excitations, one due to the once-per-mesh-cycle
axial shuttling of the centroid of the gear tooth
force and the second due to time-varying friction
forces (Refs. 4-5). Although the forces due 1o
these three excitations must really be added as
vectors, in this paper we will algebraically add the
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first harmonic of each of the individual forces as
follows:

Sum of Forces = SF + TEF + FF

where,
SF = Shuttling force
TEF = Transmission error force
FF = Friction force

The evaluation of each of these forces will use
an analytical approach that predicts the load
distribution along the lines of contact of the gear
teeth (Refs. 6-7). This procedure accounts for
tooth and shaft deflections, tooth profile shape,
and mounting and misalignment errors of the
gears,

Optimal Profile and Lead Modifications

An obvious goal in gear design is to come up
with “optimal” profile and lead modifications that
will minimize gear noise excitation yet still pro-
vide adequate load distribution and root and con-
tact stresses. A problem with designing “optimal”
modifications is that they are only truly optimal at
one load. In many applications, the loads at which
noise is a problem are only a small fraction of the
peak load that the gear pair is designed for. For the
gear design studied here, we chose to optimize the
profiles and leads at 564 N-m of torque at the input
shaft. This load is about one-half of the rated load
of the gear set. It was hoped that the modifications
would still be good at loads less than 564 N-m. A
check of the excitation values was made at 40% of
this load, at 226 N-m. In this case, we varied both
the profile modification and the lead shape in order
to minimize transmission error.

In order to come up with an optimum modifi-
cation, we first assumed that the shape of the
modification would be parabolic and then simul-
tancously varied the starting roll angle of the
parabola and the parabola’s amplitude until we
minimized the transmission error. Figure 1 shows
the results of running 400 simulations for the
fine-pitch gear pair. The optimal modification
starts at the center of the tooth and has a pinion
and gear tip modification of 19.05 microns (750
pin.). The figure also shows that the transmission
error changes less for increases in modification
than for lesser values, hence telling the designer
that it would be better to skew the tolerance to the
positive side of the design value.

We next performed a similar variation in the
lead direction and found it best to provide para-
bolic crowning only near the edges of the gear
teeth. After some iteration of the lead and profile,

Figure 1—Varying starting roll angle and parabol-
ic tip modification.
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Figure 2—Optimum profile and lead modifications.

the modifications of Figure 2 were established as
the optimum, and the resulting peak-to-peak
transmission error (PPTE) for this modification
was 0.043 microns (1.71 pin.). Although not
shown, the optimal profile modification for the
coarse-pitch gear pair was similar to that of the
fine-pitch gear pair, but we found that a straight
lead (no lead modification) gave the lowest trans-
mission error. It should be pointed out that each
of these modifications does not consider the
effects of misalignment.

However, in order to simplify profile model-
ing, subsequent design analyses will use a circu-
lar profile modification of 12,7 microns and a cir-
cular lead modification of 3.8 microns, This lead
modification is shown as the dashed line on the
lead chart in Figure 2.

Force and Transmission Error Results

Figures 3 and 4 show the effect of load on pre-
dicted transmission error for the following three
cases of both the coarse- and fine-pitch gear sets,
respectively:

* Perfect involute teeth (Involute),
« Optimally modified teeth (Optimum), and
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* Teeth with the optimal profile and a circular lead
modification (Design).

For each set of gears, the optimal profile has
its lowest transmission error near the design tor-
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Figure. 3—Comparison of peak-to-peak transmis-
sion error for coarse-pitch gear pair.
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Figure 4—Comparison of peak-to-peak transmis-
sion error for fine-pitch gear pair.
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Figure 5—Comparison of sum of forces for coarse-
pitch gear pair.
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Figure 6—Comparison of sum of forces for fine-
pitch gear pair.
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que of 564 N-m, and transmission errors are lower
than the perfect involute's from about one-half of
the design torque up to the maximum torque. The
transmission errors for the optimized fine-pitch
gear pair are much lower than the values predict-
ed for the coarse-pitch gear pair. The circular lead
modification provides slightly higher values than
the edge modification, but not so much as to
change the strategy of using it in all gear designs.

Figures 5 and 6 show similar plots for the pre-
dicted sum of forces. For each of the cases, the
forces predicted for the fine-pitch gear pair are
much less than for the coarse-pitch gear pair. This
would indicate that the mathematical model’s
results correlate well with the experimental noise
results of the gear manufacturer.

Optimal Designs

In an effort to further improve the design, a vari-
ation of the procedure from Houser, et al. (Ref, 8)
was used to survey a large number of designs in an
effort to obtain designs that have both low trans-
mission error and low sum of forces, but also have
favorable stresses, efficiency, lube film thickness
and flash temperature. In addition, we wished to
check out the best of these designs for their sensi-
tivity to manufacturing errors.

The first step in the procedure was to select
ranges of variables to be studied and then run a
huge number of design cases within the selected
design space. In this instance, a two-stage evalua-
tion was performed where the first range of vari-
ables was developed around the original designs
(see Table 3). Center distance and face width were
kept at the original values for each design.
Approximately 20,000 designs were evaluated,
with the main conclusion being that the next set of
designs should have higher tooth numbers and the
possibility of longer tooth profiles. The variables
of the second iteration that were evaluated in
much more detail are given in Table 4. In this
case, close to 100,000 designs were evaluated.

A plotting routine has been developed that
allows the user to first plot any design or output
variable versus any other variable. Currently, we
have 40 variables available for plotting. Figure 7
shows peak-to-peak transmission error plotted vs.
sum of forces results for about 22,000 designs.
Although the two variables do appear to be relat-
ed to one another, the low transmission error cases
are not at the lowest sum of forces and vice versa.
This implies that there is no one best design based
on these two parameters, and compromises must
be made in selecting the “best” design. Figure 8
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shows the same plot with a portion of the data set
being selected as favorable designs. In this case,
the limits were 0.1 microns for transmission error
and 67 N for sum of forces.

In subsequent plots, the 386 selected designs
out of a total of 22,903 will be highlighted. Of the
22,903 designs, roughly 12% of the designs have

transmission errors less than 0.1 microns while 1

another 11% have sum of forces less than the cut-
off value of 67 N. It is interesting that only 1.7%
of the designs simultaneously satisfy both criteria.

One might ask the question: Which design vari-
ables profoundly affect either transmission error or
sum of forces? In the appropriate literature, many
authors have advocated using integer face contact
ratios to minimize transmission error. Although this
tends to be true for gears with perfect involutes,
Figure 9 shows only a slight effect from face con-
tact ratio, with the few really low transmission error
designs occurring at face contact ratios between
1.05 and 1.20. In general, we have found that once
profile and lead modifications have been applied to
gear teeth, the face contact ratio plays only a sec-
ondary role in minimizing transmission error.

However, when we check the effect of total
contact ratio on transmission error (shown in Fig.
10), we see that minimum transmission error val-
ues occur for contact ratios near 2.9. Apparently,
none of these low transmission error designs also
have low sum of forces, since no points in the low
transmission error region are highlighted. Total
contact ratio also has a pronounced effect on sum
of forces, but the region of lowest sum of forces
has shifted slightly up to face contact ratios
between 2.9 to 3.2, as shown in Figure 11.

Our selection process did capture some of the
very best sum-of-forces designs. Had we wanted to
capture more of the best transmission error designs,
we would have had to change our selection criteria
by increasing the level of the sum of forces used in
the selection process. From Figure 12, we see that
there is also a region for minimum sum of forces
around the profile contact ratio of 1.65.

One should be cautioned on two fronts before
making global conclusions regarding this infor-
mation:

1.) Even at the contact ratios that give minimum
values, there are still many more designs that give
unacceptable values, so simply selecting a total
contact ratio near 2.9 or 3.0 does not guarantee low
transmission error or sum of forces.

2.) The actual values of contact ratio that minimize
the noise excitations may change when we select
new design variable ranges, so each of these “opti-

Table 3—First Set of Design Parameters.

Levels Range of Variables

Gear ratio 1.078-1.192
Pinion teeth 25-32
Pressure angle (degrees) 3 18-22

Helix angle (degrees) 5 12-20
Center distance ratio 2 0.968-1.036
Haob length x module 2 2.35-2.55

Tip relief (mm) 1 0027

Table 4—Second Set of Design Parameters.

D1g::s

om

B 200
Sum of Forces [N)

Figure 7—Transmission error vs. sum of force
results for second design parameters.

Peak-to-Peak TE (un)
U EE

0o + . .
0 100 200
Sum of Forces [N]

Figure 8—Selection of “Best™ 386 runs of the sec-
ond design parameters.

mum” ranges may be unique to a given design
specification.

Figure 13 shows that the contact stresses seem
to be highly dependent on the profile contact ratio,
again with a best range appearing in the 1.5-1.8
contact ratio range. The stresses are relatively low
because we did our design evaluation at roughly
50% of design torque, but we feel that there would
be few changes in the trends if we were to re-eval-
uvate the design at the design torque. Also of inter-
est is the fact that most of our selected designs

Levels Range of Variables

Gear ratio 1.078-1.192
Pinion teeth 29-33
Pressure angle (degrees) 3 18-22

Helix angle (degrees) 4 16-22
Center distance ratio 5 0.968-1.036
Hob length x module 3 2.35-255

Tip relief (mm) 3 0.0114-0.0140
Peak-to-Peak TE (um)

1 +H
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have relatively low contact stresses.

This is not the case for root stresses that are
shown in Figure 14, where we see that pinion bend-
ing stresses of the selected designs are pretty much
in the middle region of the stress range. However,
if minimum stress is an important design criterion,
it could have been used in the selection process,

Peak-to-Peak TE [um)
1

0.1

001 4= e e
GE 10 13 12 13 14 18 18

Face Contact Ratio

Figure 9—Effect of face contact ratio on transmis-
sion error for the second design parameters.
Peak-to-Peak TE (um)

T§::

01

0.m
22 24 26 28 30 32 34 36

Total Contact Ratio

Figure 10—Effect of total contact ratio on transmis-
sion error for the second set of design parameters.

Total Contact Ratio

Figure 11—Effect of total contact ratio on sum of
Jorces for the second set of design parameters.

Sum of Forces [N)

.............

1.0

Profile Contact Ratio

Figure 12—Effect of profile contact ratio on sum of
Jforces for the second set of design parameters.

e e e

but some compromise regarding transmission
error and other factors would have had to be
made in order to obtain truly low stresses.

Finally, the last response variable we shall
look at is flash temperature, which is shown
plotted vs. profile contact ratio in Figure 15.
Again our selected designs seem to have rela-
tively low flash temperatures. The lowest flash
temperatures tend to occur for gears with the
lowest profile contact ratio, but the highest flash
temperatures also occurred for these contact
ratios. The range of flash temperatures of the
designs tends to become narrower as profile
contact ratio increases.

Manufacturing Robustness

The manufacturer’s experimental evidence
indicated that the coarse-pitch gear pair tended to
be noisy for all manufactured tooth profiles and
the fine-pitch gear pair tended to be insensitive to
manufacturing variation. Consequently, we set
out to perform simulations that emulated the
effects of manufacturing variation for both the
manufactured geometries and the “best” of the
selected geometries of the previous figures.
Now, however, we expanded our base of designs
by repeating the runs of the previous figures and
by expanding our range of tip relief amplitudes to
three levels.

A special analysis procedure was developed
where the following errors were deemed to be
simple representations of manufacturing errors
that might happen in practice:

* Profile slope error (often called pressure angle
error),

* Profile curvature error (crown-type error),

* Lead slope error (also incorporates misalign-
ment effects), and

* Lead curvature error (lead crown error).

The load distribution simulation program has
a module that allows one to input the standard
deviation for each of the errors. Then the errors
are randomly sampled from a normal distri-
bution. The user either supplies standard devia-
tions or may enter the AGMA values (Ref. 9). We
feel this procedure is very representative of gears
that are randomly selected from production. In
each case, 50 computer simulations were made
using randomly selected profiles and leads with
each of the four manufacturing variations having
a standard deviation of 2.5 microns.

Figure 16 shows a plot of the transmission
error robustness results, and Figure 17 shows a
similar plot for sum of forces for the 30/35 tooth
pair of Table 2 using circular profile and circular
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lead. General conclusions from Figures 16 and 17
are that the error band tends to be narrowest near
the torque used to optimize the transmission
error. Sometimes using manufacturing deviations
actually results in a slightly better design because
the new types of profile modifications might
stumble onto a more optimum type of modifica-
tion shape. For instance, providing a slight
amount of pressure angle error might improve
one of the response variables, such as transmis-
sion error or contact stress. Similar plots were
made for stresses, flash temperature, efficiency
and film thickness in order to determine the
effects of manufacturing variability on the many
response variables of a given design.

Table 5 shows a summary of the robustness
analysis for 10 different designs as follows:

a) The two manufacturer's designs given in
Tables 1 and 2, respectively;

b) The lowest transmission error design and the
lowest sum of forces design;

¢) Two similar designs that were proclaimed
“best,” based not only on noise excitation, but
also including flash temperature, efficiency, lube
film thickness and root and contact stresses;

d) The best high contact ratio design; and

e) Three other “good™ designs.

There is a lot of data in the table, so only the
highlights will be discussed. The first 12 rows
present general design information. CD Enlarge-
ment indicates whether the design is operating on
standard centers (1.0), enlarged centers (> 1.0) or
contracted centers (< 1.0). Tool height indicates
the length of the rack used to create the involute
tooth. Full radius cutters are used in evaluating
the root stresses,

TE at 564 N-m indicates the transmission
error at the design torque. Note that the “new”
design has much lower transmission error than
the original design, but that most of the addi-
tional designs have similar or lower transmis-
sion errors. The robust average is the mean
value of transmission error for the 50 robustness
runs when evaluated at the design load. It is
interesting to note that the “new™ design is the
best of the group in this regard. The robust max-
imum is the worst case value coming from the
50 runs. Again the “new” design seems excep-
tional in this regard.

The next three rows show similar results for
the sum of forces. However, now some of the
other designs exhibit much better characteristics
than the “new™ design.

The next three rows are the maximum stress
www.powertransmission.com »
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Figure 13—Effect of profile contact ratio on the
contact stresses for the second set of design param-
eters.

Pinion Bending Stress [MPa)
m.
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Figure 14—Effect of profile contact ratio on the
pinion bending stresses for the second set of design

parameters.

100
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1 14 e e 2u 220 28
Profile Contact Ratio

Figure iS—E;_ﬂ"ecl of profile contact ratio on the

[flash temperature for the second set of design pa-
rameters.

values recorded for the worst of the 50 test cases.
Here. the “best” designs have very low contact
stresses and the high contact ratio set has
extremely high contact stress for its worst case
CITOrS.

The next three rows are all factors related to
sliding velocity, namely: flash temperature, film
thickness and percent of energy loss. Each is an
average value of the 50 test cases, but data is also
available for “maximum” values. One of the rea-
sons the two “best™ designs were selected is that
they are equivalent to most other designs in terms
of noise excitation and stresses, but have very
good levels of these three values. The high con-
tact ratio set does not have acceptable levels of
these variables.
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Finally, the last two rows show the average
values of transmission error and sum of forces at
a lower load of 226 N-m, which is more typical
of the noisy application load for these gears,
Here, the high contact ratio set seems to shine,
having by far the lowest mean values of trans-
mission error and sum of forces. It is interesting
that our “best” designs are not so good in these
features and the “new™ design is quite good.
Summary

In this paper, we have developed a procedure
that allows the incorporation of manufacturing
variability into the gear design process. Although
our main focus has been on gear noise excita-
tions, the procedure also allows one to determine
the effects of manufacturing variability on other
design responses, such as root and contact stress-
es and various scoring indices. Two examples
were used to demonstrate the procedure: one
gear set that has been known to be noisy and a
second that was known to be quiet. In addition, a
procedure has been presented for evaluating
numerous different gear geometries for the same
application. The predictions show that many
designs with far differing geometries can provide
“good" designs. How one weighs the many fac-
tors used to assess a design will dictate which of
the many good designs might be selected.

Acknowledgments

The authors would like to thank the sponsors
of the Gear Dynamics and Gear Noise Research
Laboratory (Gear Lab) at The Ohio State
University for their support of the development

Table 5—Summary of Robustness Analysis of 10 Different Designs.

= “New" Low Sum | “Best” Similar H'gh | “Good™ | “Good™ | “Good”
Original | Design Low TE | of Forces | Design Design | Contact Ratio | Design Design Design
3035 | as0n 61685 | 418355 618355 | 620425 511385 | 74429 | 52515
= EEl B 2 e s o cmde SR 05 De o e Qe
35 M 3 B A () T . S S A e
| - b . T S| [P S 2 18 18 20 2
M 16_ 91 9 L -3 a4 W 18 n
363 378 | 360 | 318 318 | 32 | 342 | 342 | 369 |
Profile Contact Rati I 1 183 1 1.66 162 1.62 219 1.74 1.81 1.63
|Face ContactRatio 083 | 104 | 112 142 161 1.61 1.57 1.24 1.08 1.39
 Total Contact Ratio _ 23 281 288 | 308 | 3B | 323 ) 376 | 288 289 3.02
CD Enlargement S 7 1.008 0.987 1028 | 1028 | 1030 | 0876 1021 | 1001} 1001
Tool Hui_%htw_ _ . BB (IR Er I Ny N s e, T,
Tip Relief (microns] 1270 12.70 1270 1145 | 1270 1143 | 1143 1270 10 1270
. PUST—— 005 | 0015 | U124 | OO0 | 006 | 0020 | 0060 | 0028 | D v
TE o Al 067 | 015 | 015 |01 ol | of6 | 018 |02 |08 | 02
TERob, Max (ym) 126 | 029 | 040 045 | 035 | 038 040 | 0% 03 060
ﬁm_q'_?or_mfﬂi__ B I 1] 1 | %1 | 389 | R | w4 | W6 | 79 | 382
g |Sumof Forces Rob., Avg. (N} 2999 108.6 1219 59.0 39 688 | 748 755 1027 716
2 |[SumofForcesRob., Max. (N} | 8374 | 1856 | 2078 168.5 1728 | 1687 | 1585 171.6 175.8 181.0
@ |Max Contact Stress (MPa) | 967 1,014 109 | 964 | 883 813 | 154 | 802 N8 g
Max. Pinion Stress (MPa) | 203 19 | 172 | 180 | 180 178 ) 184 | -
ax. Gear Stress (MPa) &0 175 183 1 227 | 189 212 21 m__1 115 4 182
Avg. Film Thickness (um) _ 0.26 0.4 0.17 0.22 037 036 009 0.32 0.26 028
Avg. Flash Temperature (°C) | 151 | 159 176 176 28 13 | m 132 146 151
| |Avg. Percent Loss 087 0.84 078 0.8 vy 001 | 078 0.88 0.80 0.75
& [TE Rob, Avg. (um] i 052 | 048 | 05 | 048 | 049 041 18 059 | 041 066
== |Sum of Forces Rob,, Avg. (N} 3302 1332 1309 1202 163.1 146.2 593 1292 1213 1357
24 MARCH/APRIL 2003 » GEAR TECHNOLOGY » www.geartechnology.com » www.powertransmission.com



http://www.geartechnology.com

of the modeling procedures used for the gear
analyses presented in this paper. {

Optimal Modifications for Gear Systems,” Jouwrnal of
Engineering For Industry, Transactions, ASME, Vol. 95,
No. 4, November 1973, pp. 1115-1123.

7. Houser, D. “LDP Program Manual.” The Ohio State
University, August 1993,

8. Houser, D, J, Harianto, B. Chandrasekaran, J. Josephson,
and N. lyer. “A Multi-Variable Approach to Determine the
“Best” Gear Design” ASME Paper DETC2000/PTG-

This paper was previously presented at the
International Conference on Mechanical
Transmissions, Chongging, China, April 5-9,

2001. 14362, Proceedings of the ASME Design Engineering
Technical Conferences, Baltimore, MD, September 1013,
References 2000.

9. American Gear Manufacturers Association, AGMA Gear
Handbook, American Gear Manufacturers Association,
Alexandria, VA, March 1980,

1. Niemann, G. and J. Baethge. “Errors in Action, Tooth
Flexibility, and Noise of Spur Gearing,” VDI Journal, Vol.
112, No. 4, 1970, pp. 205-214.

2. Kubo, A., T. Nonaka, N. Kato, S. Shogo, and T. Ohmori.
“Representative Form Accuracy of Gear Tooth Flanks on
the Prediction of Vibration and Noise of Power
Transmission.” AGMA Paper 92FTM9, 1992.

3. Houser, D. “Gear Noise,” Chapter 14 in Dudley's Gear
Handbook, ed. D. Townsend, McGraw-Hill, New York,
NY, 1992

4. Borner, J. and D. Houser. “Influence of Friction and
Bending Moments as Gear Noise Excitations,” SAE Paper
961816, Proceedings of the International Off-Highway and
Powerplant Congress and Exposition, Indianapolis, IN,
August 26-28, 1996.

5. Hochmann, D. and D. Houser. “Friction Forces as a
Dynamic Excitation Source in Involute Spur and Helical
Gearing,” ASME  Paper DETC2000/PTG- 14429,
Proceedings of the ASME Design Engineering Technical
Conferences, Baltimore, MD, September 10-13, 2000,

6. Conry, T. and A. Seireg. “A Mathematical Programming
Technique for the Evaluation of Load Distribution and

When lots of little things

e
mes : 3 .

- N
g

Fassler Corporation

131 W. Layton Avenue, Suite 308
Milwaukee, WI 53207

Phone (414) 769-0072

Fax (414) 769-8610
E-mail:usa@faessler-ag.ch

ggar honing technology

www.faessler-ag.ch



mailto:E-mail:usa@faessler-ag.ch
http://www.faessler-aq.ch

HEAT TREATING

Heat Treat Process and Material
Selection for High Performance Gears

Figure 1—An etched section of a gear that has
been case hardened by progressive induction
hardening.

Figure 2—A load of large gears are transferred
into a furnace for carburizing.

Figure 3—A load of large pinions are transferred
into a furnace for carburizing.

Figure 4—Carburized gears are transferred from |
the heating chamber into the quench section for

hardening.

Gerald J. Wolf

Introduction

The selection of the heat treat process
and the congruent material required for
high performance gears can become very
involved.

A wide variety of options are avail-
able, and many issues must be consid-
ered. The application requirements must
take into consideration the service condi-

tions in which the gears will operate, the |

speeds and power to be transmitted, and
the design life. This data will in tumn
define the size and shape of the gears and,
along with the load carrying capacity
required and the volume to be produced,
allow material selection in conjunction
with the choice of heat treatment to
achieve the required mechanical proper-
ties.

The improved mechanical properties
achieved by case hardening dictate that
virtually all high performance gears are
processed in this manner. Still, we will
include through hardening for core treat-
ing in our discussion because it is
required to achieve the desired properties
when induction hardening and nitriding,

Through Hardening, General

Requirements for Core Treating

Core treating prior to induction hard-
ening and nitriding is used to obtain both
the desired microstructure for subsequent
processing and the required mechanical
properties in the finished part. In most
cases, core treating is accomplished by
hardening and tempering the parts prior to
gear cutting. A hardness range of 28-32
HRC (269-302 HBN) is commonly spec-
ified in order to obtain good mechanical
properties without severely sacrificing
machinability.

However, higher core hardnesses are

used where increased strength levels are

necessary. The material selection and
processing sequence must take into con-
sideration the mass of the part and the
hardenability of the material, as these
influence the depth of hardening in the
core treating process. Heavier sectioned
parts and coarser pitches require higher
hardenability materials or premachining
for proper core treating response. Good
hardening response is also needed when
core treating prior to nitriding because
the tempering temperature must be at
least S50°F higher than the nitriding tem-
perature, or typically at least 1,050°F, to
insure dimensional stability during
nitriding.
Case Hardening Processes for High
Performance Gears

High performance gears generally
require case hardening to produce the
required mechanical properties. Contour
and tooth-to-tooth progressive induction
hardening, carburizing and hardening,
and nitriding are therefore preferred
while processes such as spin flame hard-
ening and
induction hardening are not capable of

conventional single-shot
producing the required properties.

Each of the above processes is unique
and has its own set of pluses and minus-
es relative to each other. Contour and
tooth-to-tooth induction hardening in-
volve heating and hardening only a small
portion of the gear, so size change and
distortion are relatively small, especially
when compared with those produced
during hardening of a carbunzed part.
Contour induction hardening is suitable
only for small- to medium-sized gears in
high volume applications.

In contrast, tooth-to-tooth induction
hardening is cost effective only for low

volume applications. Also, not all parts
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HEAT TREATING

Figure 5—A large carburized pinion is trans-
ferred to the oil quench tank for hardening.

can be hardened by either type of induc-

tion hardening due to their size and |
shape, and neither type of induction |
hardened gears has quite as high a load |

carrying capability as carburized and
hardened gears.

For some applications,
the heat treatment of choice because
very good mechanical properties are
achieved. Also,
and size change so small and predictable

that generally hard finishing is not |

required. Nitriding, however, involves
long cycle times and is therefore very
costly when trying to obtain deeper case
depths required for coarser pitches.

But where the best performance is
required, carburizing and hardening is
usually relied upon because it produces
excellent mechanical properties and is
suitable for low and high volume appli-
cations. Size change and distortion can
be serious problems, but they can be
dealt with.

Tooth-to-Tooth Progressive Induction
Hardening

Tooth-to-tooth induction hardening is
often used for low to medium volume
requirements when the size or design of
the part allows this process to be used.
In tooth-to-tooth induction hardening, an
inductor with a profile matching the
shape of the tooth space is traversed
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through each tooth space. Controlling the
power input and scanning speed progres-
sively hardens the active profile and root
area of each adjacent tooth face to the
desired depth. Since the size of the air gap
between the inductor and the tooth sur-
face is critical, a custom inductor is often
required for each gear design. For fine- to
medium-pitch gears, this process is gen-
erally performed with the part submerged
in a quenchant.

As each tooth space must be individu-
ally scanned, the floor-to-floor time for
hardening a gear in this manner is rela-
tively long when compared to contour
hard-
Offsetting this is the

hardening where all the teeth are
ened al one time,
versatility and size range capability of the
tooth-to-tooth process, Gears from 10-1
DP are routinely hardened in this manner.
To determine the case depth and pattern
produced, it is necessary (o cross-section
several teeth from a hardened gear in con-
trast to being able to check a test piece
when carburizing or nitriding (see Fig. 1).

A core treated, medium-carbon alloy
steel, such as 4142, 4150 or 4340, is gen-
erally specified for most applications
with the choice dictated by the diametral
pitch and size of the gear. The larger the
part and coarser the pitch, the higher the
hardenability required for good hardening
response. In higher volume applications,

lower cost grades, such as 15B41, are
utilized where the material’s hardenabil-
ity is matched to the specific parts
requirements and large enough quantities
are used so that availability is not an
issue.

Contour Induction Hardening

For higher volume applications of
small- to medium-sized gears in the 8-4
DP range, contour induction hardening is
a viable option and can compete with
carburized gearing. Contour induction
hardening is similar in appearance to the
classic single shot, spin induction
process where the gear is rotated in an
induction coil to heat the teeth and then
quenched in place. In most cases, how-
ever, this through hardens rather than
case hardens the teeth. The contour
induction hardening process has been
developed to produce a heat pattern that
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follows the profile of the teeth and pro-
duces a true case hardened tooth. This is
generally accomplished through the use
of high intensity, multistage heating
where the teeth are first preheated using
a low frequency, and then the tooth sur-

faces are rapidly heated with a burst of

high power, high frequency energy.
The nature of contour induction hard-
ening requires that the tooling, process

parameters and equipment be tailored to

DR. KASER

e precision through diamond e

power supplies with very sophisticated
This
makes the process capital-intensive and

control systems are necessary.
seldom practical for lower volume appli-
cations, but justifiable for higher vol-

umes. Another advantage it has over all

other gear hardening processes is that it |

lends itself to integration into manufac-
turing cells, especially when combined
with induction tempering.
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each application. Multiple, high-powered |

Carburizing and Hardening

Of the case hardening processes, car-
burizing and hardening is the most wide-
ly used process today for heat treating
high performance gears. It is adaptable to
both high and low volume requirements
as well as to both large and small parts
(see Figs. 2 and 3). And, with the proper
choice of materials and processing tech-
niques, it will produce the highest allow-
able contact and bending stress ratings
obtainable.

To achieve the desired results, it is
important that the material selection be
in accord with the nature and size of the
gear as well as its service requirements.
All carburizing grades are low carbon
alloy steels, but coarser pitch, heavier
sections and more severe service necessi-
tate using higher hardenability. higher
alloy, and more expensive materials.
Common grades in increasing harden-
ability are: 4118, 8620, 8822, 4320,
4820, 9310 and 17CrNiMo6. These
materials are also produced in different
quality levels to comply with the differ-
ent AGMA grade requirements, depend-
ing on service requirements,

It is recommended that, prior to
machining, the lower alloy grades be
normalized and the higher alloy grades
be normalized and tempered or normal-
ized, quenched and tempered to obtain
improved machinability as well as more

i reproducible size change and distortion

results during subsequent carburizing
and hardening.
From a manufacturing standpoint, the

Figure 7—A load of diesel engine gears is
removed from the furnace after nitriding.
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Figure 8—Nitrided Case Depth Requirements. (Courtesy of AGMA.)

most serious problem with carburized
gearing is the size change and distortion
that occurs during hardening. This is
very design-dependent. Gears that have
nonsymmetrical cross sections or are
heavily relieved for mass reduction will
present more problems than relatively
solid symmetrical parts.

While proper fixturing must be
employed during carburizing to mini-
mize creep-induced distortion, part ori-
entation during hardening is most critical
in order to obtain a uniform quench.
Quenching in hot (250-350°F) oil, mar-
quenching and high-pressure gas
quenching can often be employed to
reduce the size change and distortion but,
since they are slower quenches,
often necessary to use a higher harden-

it is

ability grade than necessary with con-
ventional oil quenching (see Figs. 4 and
3).

When the design of the gear is such
that excessive distortion is produced dur-
ing free quenching, techniques such as
plug and/or press quenching should be
used. For size and shape control of thin-
walled gears and internal splines, plug
quenching is recommended. However,
where the movement of the whole gear
must be controlled, press quenching is
necessary. This requires the availability
of a suitably sized quench press and gen-
erally custom tooling for holding the part
during the quenching process. Since both
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of these processes require handling each
part individually, they often significantly
increase processing costs.

The depth of the carburized case must
be in accord with the diametral pitch and
service requirements of the gear, Coarser
pitches and more severe applications
require deeper cases. Figure 6 shows the
AGMA chart for determining the effec-
tive case depth to be used for a given
diametral pitch. The effective case depth
is typically defined as the depth at which
the hardness has decreased to 50 HRC
and is measured on a representative test
sample or a sectioned part.

Nitriding

Nitriding is another case hardening
process that has been gaining popularity
for use on high performance gearing due
to advances that have been made in both
gas and ion nitriding. Nitriding produces
a hard surface with excellent wear prop-
erties, improved corrosion resistance and
very good high-cycle fatigue properties.
This is a rather unique process in that it is
performed at a relatively low tempera-
ture, in the 950-1,050°F range, and
quenching is not involved. Since the base
material does not go through any structur-
al change, size change and distortion are
very low, and rarely is any finishing nec-
essary after nitriding (see Fig. 7). The
processing time required, however, is rel-
atively long, especially for coarser diame-
tral pitches where deeper case depths are
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Table 1—Allowable Design Stress for Steel Gears.'
Contact Bending
Heat Treatment Material Minimum Stress Strass'
Surface (KSI (KSH)
Hardness GR! GR2 GA3 | GA1 GR2 GA3
Through Hardened 4140/4340 32 HRC 121w B |8
43 HRC 160 | 175 43 | 5|
Induction Hardened®| 10454340 | S4HRC | 175 | 195 6 | 5 |
Carburized and | |
Hardened B620/3310 58 HRC® 180 25 ' 25| 5 | 65 |75
Nitrided* 414074340 B4.S5 HR15N 155 | 168 | 180 | 37 | 50 |
Nitralloy 135M | 90 HRISN 170 ! 183 | 195 ] 38 | S0
I1CrMoVy 90 HR15N 176 | 196 216 ] & 5

' Table compiles data from various tables and graphs in ANSI/AGMA 2001-C35.
* Tooth-to-toath and contour induction hardening, with ANSI/AGMA type A pattern.

! Minimum surface hardness of 55 HAC is acceptable for GRY; all other grades require a

minimum of 58 HRC

‘ Basically the same as 2.5%Cr without Al
* The seven bending stress values for nitrided materials are based on a core hardness

of 300 HB

*

n anod
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needed.

Three different types of medium-car-
bon alloy steels are used for nitrided gears,
depending on the service requirements. In
all cases, core treating is employed to pro-
duce both the desired strength and the
structure needed for good nitriding
response. When the service requirements
are not too severe, 4140 or 4340 is typical-
ly specified. For more demanding applica-
tions, it is necessary to use a grade, such as
Nitralloy 135M or 31CrMoV9, that is
especially designed for nitriding. Figure 8
shows the AGMA chart for determining
the total nitrided case depth required for
different diametral pitches.

Summary

The purpose of this paper was to give a
general overview of the different heat treat
processes and materials used in high per-
formance gearing and thus help guide the
designer and process engineer in making
the best selection for a given job. Table |
outlines values of contact and bending
allowable stresses for each of the afore-
mentioned hardening processes. For full
data and details, see ANS/AGMA 2001-
C95. O

This article was given as a presentation at
the Heat Treating & Hardening of Gears
2002 Technical Program, in Nashville, TN,
on January 29, 2002. That program was
organized by the Society of Manufacturing
Engineers.

*Table 1 is a revision of material present-
ed in ANSI/AGMA 2001-C95. The original
material is printed with permission of the
copyright holder, the American Gear
Manufacturers Association, 1500 King
Street, Suite 201, Alexandria, Virginia
22314. Statements presented are those of
the author and may not represent the posi-
tion of the American Gear Manufacturers
Association.
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Corrections

In Gear Technology's article titled “Direct Gear Design for Spur and Helical Involute Gears™ (September/October
2002), references 5, 6 and 8 were printed incorrectly. The correct references are as follows:

5. Kleiss, R.E., A.L. Kapelevich, and N.J. Kleiss. New Oppartunities with Molded Gears, AGMA Fall Technical
Meeting, Detroit, October 3-5, 2001, (01FTM9).

6. Vulgakov, E.B., and A.L. Kapelevich. “Expanding the Range of Involute Helical Gearing,” Vesmik
Mashinostroeniya, 1982, Issue 3, pp. 12-14 (in Russian). Translated to English, Sovier Engineering Research, Vol
2, Issue 3, 1982, pp. 8-9

8. Litvin, FL., Q. Lian, and A_L. Kapelevich. “Asymmetric modified gear drives: reduction of noise, localization
of contact, simulation of meshing and stress analysis,” Computer Methods in Applied Mechanics and Engineering,
2000, Issue 188, pp. 363-390.

We would also like to make the following corrections regarding Gear Technology's January/February 2003 issue
1.) In the article “Spiral Bevel Gear Development: Eliminating Trial and Error with Computer Technology,”
Joseph L. Arvin's author biography says he started in the gear industry as a machinist at “Indiana Gear of
Plymouth, IN, in 1959.” The biography should say “Indiana Gear of Indianapolis, IN, in 1959.”

2.) In the article “A Man and His Mania for Antique Machines,” the Sloan and Chace Mfg. Co. was formed in
1872 and Sloan’s name was A_K. Sloan, not Charles T. Sloan.

We apologize for any inconvenience.
—The Editors
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N TECHNICAL CALENDAR IS

March 19-20—Tolerance Stacks Using Geometric
Dimensioning & Tolerancing, Level 2. Holiday Inn. Chicago
City Center, Chicago, IL. Focuses on detailed procedures for per-
forming tolerance stacks on parts and assemblies, including both
coordinate and geometric dimensions and tolerances. This course
is suitable for engineers and designers familiar with the principles,
concepts and practices contained within Y14.5 and who are look-
ing for a comprehensive process for getting GD&T into a tolerance
stack. $845 for SME members, $945 for non-members. People
who register before March 5 receive the special rate of $795 for
members, $895 for non-members. For more information, contact
SME by telephone at (312) 240-8252 or on the Internet at

www.sme.org/training.

April 1-4—2003 Metal Gear School. Universal Technical
Systems Inc., Rockford, IL. The class, conducted by an instructor
with 25 years' experience, begins with basic gear theory and pro-
ceeds with topics such as minimum weight design strategies, gear
size, geometry design, torsional analysis, gear noise, lubrication
and profile. $995. For more information, contact UTS by tele-
phone at (815) 963-2220 or by e-mail at sales @urs.com.

April 7-12—Hannover World Fair for Industrial Technol-
ogy. Hannover Fairgrounds, Hannover, Germany. This is a series
of trade shows taking place at the same venue that comprise the
world's largest concentration of industrial technology. The eight
separate trade shows include factory automation; microtechnol-
ogy; motion, drive and automation; energy; compressed air and
vacuum technology: factory equipment and tools; subcontract-
ing; and research and technology. $46 for a season ticket, $22
for a daily ticket. For more information, contact Hannover
Messe by telephone at (609) 987-1202 or on the Internet at

wwwhannovermesse.de.

May 21-23—Fundamentals of Parallel Axis Gear Manufac-
turing. Pheasant Run Resort, St. Charles, IL. This seminar, with
a limited class size of 35, focuses on gear nomenclature,
automation systems, basic gear mathematics, hobbing, skiving,
fixturing and blanks, as well as other topics. $750 includes a
workbook, materials and a demonstration of gear manufacturing
equipment. For more information, contact Koepfer America
L.L.C. by telephone at (847) 931-4121 or on the Internet at

www.koepferamerica.com.
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Summary

HEAT TREATING

Wear Resistance of Plasma and
Pulse Plasma Nitrided Gears

Bojan Podgornik and Jozef Vizintin

In this study, wear behavior of plasma and pulse plasma |
nitrided gears, made from 42CrMod steel, was evaluated under |
a lubricated sliding and pitting wear regime. The nitrided sam- |
ples were fully characterized before and after wear testing using |

metallographic, microhardness and surface examination tech- |

niques. Sliding wear tests were carried out on a pin-on-disc
machine in which hardened ball-bearing steel discs were mated

to nitrided pins. Pitting wear tests were performed using the |
standard FZG machine with C-type gears. (FZG refers to the |
Gear Research Centre, a part of the Institute for Machine |

Elements at the Technical University of Munich, Germany.)

Also, economic evaluation and comparison of hardening and |
plasma nitriding processes were carried out. The test results

indicate that sliding wear resistance and, even more so, pitting |
wear resistance of 42CrMo4 steel gears can be greatly improved

by means of plasma and pulse plasma nitriding.
Introduction

Traditionally, gear manufacturers employ techniques such as |
carburizing, flame hardening, induction hardening, and gas
nitriding to increase the strength of gearing components. While |
carburizing is the most common and effective surface hardening |

method used to improve load-carrying capacity of gears, the

technique has shown substantial difficulties in the production of |

large gears (Ref. 1). The quench hardening from a high austen-

itizing temperature often results in unpredictable levels of tooth |

deflection, helix angle change, and overall distortion (Ref. 2).

During conventional gas and bath nitriding, a multiphase |

compound layer is formed on the nitrided surface (Ref. 3). This

layer contains high internal stresses in the transitional regions |

between the various lattice structures, which make the layer brit- |

tle and can cause it to spall off in service, Such layers are clear-
ly undesirable and hence have to be removed from load-carrying
surfaces before the gears can be used in service (Ref. 4).

One of a new generation of heat treatment processes that has |
been employed to improve the performance characteristics of
gears is plasma nitriding (Refs. 5 and 6). Plasma nitriding. an |
environmentally clean method of nitriding, permits a fully auto- :
mated and controlled nitrogen-diffusion process, which makes it |

possible to perform nitriding without a compound layer forma-
tion (Ref. 7). Furthermore, the low temperatures used in plasma

nitriding and the absence of a quenching requirement assure |

i s an assistant professor in the mechanical engineering faculty at the University

Table 1—Details of the Heat Treatment Processes,

Process Gas
mixture | Temp. (°C) | Time (hrs.} | Pulse {sec.)
Through Hardening oil quenched| 870/180 2 -—
Plasma Nitriding 99.4% H,,
b o 0.6% N, 540 17 —
Pulse Plasma 99.4% H,,
Nitriding 0.6% N, 540 17 0.48/0.02

Torque mdicator

Gear wheel

Figure 1—FZG gear test rig.
1
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Figure 2—Surface roughness.
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1000 minimal distortion and dimensional variations (Ref. 8).

Therefore, by using plasma nitriding, the need for a subse-

875
45 quent grinding operation can be reduced or even eliminated,
More advanced pulse plasma technology, employing pulse dura-
ey tion and duty cycle control, allows the use of the smallest
amount of plasma power for the process to prevent overheating
375 and to ensure uniform temperature distribution. Furthermore,
o, 50 almost every type of steel can be nitrided using a pulsed plasma
2o technology (Ref. 9).
. Experimental
0 t

Through Hardening | Plasma Niriding  Puise Pladma Nitriding The material used in the present investigation was commer-
e e e cial structural steel for hardening and nitriding, 42CrMo4
TS0 (0.5%C, 1.0%Cr, 0.2%Mo). After the specimens (pins and
gears) were machined from hardened and tempered bars (300
HV,5), they were ground (R, = 0.4 ym) and degreased before
plasma nitriding.

The specimens were nitrided in a commercial, sensor-con-

HVos
2

700

600D

% |
i: e | trolled plasma nitriding furnace. Plasma nitriding was carried
400 out with precise control of all process parameters, under plasma
"":;:’;h | and pulse plasma mode, to form a nitrided case with a nitriding
3 Plasma Nitriding / depth of =0.3 mm and surface structure without a compound
200 layer (Table 1), which was realized using low nitrogen content

0 100 200 300 400 500 600 700 | in the plasma (Ref. 10). For comparison purposes, one group of

Distance from surface [pm]
Figure &—Microhardness distribution.

| specimens was also hardened (oil quenched and tempered at
180°C), ground to a surface roughness of =0.35 pm.

Stylus profilometry was used to analyze surface roughness
and topography of thermochemically treated specimens. Surface
hardness and subsurface hardness distribution were measured
using a Vickers microhardness tester at a 50 g indentation load.

Sliding wear resistance of heat treated flat-ended pins (¢ 2
mm) was determined on a pin-on-disc machine. The pin was
loaded against a rotating ball-bearing steel disc, hardened to 700
HV, s and ground to an average roughness value of =0.4 pm.
Lubricated sliding wear tests (non-aditivated ISI VG68 oil)
were carried out at room temperature (=20°C) and relative
humidity of about 50%, sliding speeds of 0.1 m/s and | m/s and
normal loads of 60 N and 100 N. Wear tests were stopped after
Figure 5—Wear volume of heat treated pins as a function of load and sliding 2'00(.) % .
speed. Pitting wear tests were performed using the standard FZG
machine (Fig. 1) with the C-type gears. A detailed description of
the test rig is given by Winter and Michaelis (Ref. 11). The same
heat treatment process was used for the pinion and the gear
wheel. Heat treated gears were lubricated by formulated gear oil
ISI VG68. Pitting wear tests were carried out as a two-step
process at an oil temperature of 90°C. After a running-in
sequence (2 hrs. at 94.1 N-m—stage 5), the test was run at 239.3
N-m torque (stage 8) until pitting failure occurred. The failure
criterion was the occurrence of a pitted area on one pinion tooth
greater than 4% of the tooth’s area,

Results—Surface Properties

Figure 6—Principal shear stress distribution (/p) of tested gears (1 = 0.1, T After nitriding, both the average roughness value R, and the
=239.3 N-m, contact radius a = 0.20 mm, contact pressure p = 1,125 N/mnv’), | maximum peak-to-valley height R, . increased when compared

) Through Hardening [} Plasma Nitriding [l Pulse Plasma Nitriding
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with the original ground surface. The average roughness of the
original surface changed from 0.35 pm to approximately 0.65
pm, measured for plasma and pulse plasma nitrided specimens.
Pulse plasma nitriding, however, was found to cause larger scat-
tering of the results, as shown in Figure 2.

Characteristic surface microhardness of heat treated
42CrMo4 steel is shown in Figure 3. Compared to hardening
with the highest obtainable surface hardness of =600 HV, s and
a constant hardness over hardened zone (=1 mm), plasma
nitriding increased the surface hardness of investigated steel to
approximately 700 HV <. For both plasma nitriding techniques,
the hardness decreased gradually with increasing distance from
the surface (Fig. 4). Comparison of plasma and pulse plasma
nitrided 42CrMo4 steel showed larger scattering of the surface
hardness values in the case of pulse plasma nitrided specimens
(Fig. 3). Furthermore, pulse plasma nitriding was found to pro-
duce almost the same nitriding depth (0.3 mm) compared with
plasma nitriding, as shown in Figure 4.

Wear Properties—Pin-on-Disc Test

From the pin-on-disc tests, it was found that, under all test-
ing conditions, the coefficient of friction was largely independ-
ent of differences among heat treatments used in this study. In
all cases, the coefficient of friction was in the range of 0.15,
Figure 5 shows wear volume of heat treated pins as a function
of heat treatment, test load and sliding speed after 2,000 m of
lubricated sliding. Depending on the testing conditions, plasma
and pulse plasma nitriding were found to improve sliding wear

_HEAT TREATING

resistance of 42CrMo4 steel by 30-40% as compared to hard- Custom Bevel Gear Mfg.
ening (Fig. 5), which is in agreement with earlier results (Refs, Per your Sample and/or Blueprint Specs
12-14). However, comparison of plasma and pulse plasma Ll
nitriding showed no noticeable difference in wear of plasma and “ @
pulse plasma nitrided pins, as shown in Figure 5. Machine and Gear Corporation
FZG Test T o T

Contact stresses of tested gears (pitch point C) were calcu- - Spiral BGVB]GE&I’S: 66" PD
lated using Hertzian equations (Ref, 15), taking into account - Straight Bevel Gears: 80" PD
coefficient of friction, measured on pin-on-dis¢ machine (v, = 1 - Spurs, Helicals, Spline Shafts
m/s, Fy = 60 N), and load conditions and geometry of testing - Gearbox Repair =
gears. As shown in Figure 6, maximum principal shear stresses - Heat Treat Facllib‘l'n-House
of tested gears are located =0.12 mm below the surface, which ool
for nitrided gears is inside the nitrided zone. However, in the BREAKDOWN SERVICES
case of highly loaded gears, longer nitriding times should be
used in order to obtain larger nitriding depths and adequate 1-800-238-0651 - Fax 731-456-3073
strength of the material (Refs. 5 and 16). email: inguirvgt@brgear.com

The results of the pitting wear tests are shown in Figure 7. website:
Plasma nitrided and pulse plasma nitrided 42CrMo4 steel gears CALL FOR BROCHURE

showed greatly improved pitting wear resistance as compared to
hardened steel gears. In the case of hardened gears, pitting fail-
ure occurred after =2 million cycles. Nitriding increased pitting
wear resistance of 42CrMo4 steel by a factor of 5. The increase
can be attributed to the combination of a high surface hardness,
a fine surface microstructure and a tough core obtained by
nitriding. As in the case of sliding wear tests, plasma and pulse
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plasma nitriding give very similar pitting wear resistance to the
investigated steel, as shown in Figure 7,
Economic Evaluation
In order to complete the comparison of hardened and plasma
nitrided gears, calculation of production and replacement costs
was carried out on a medium-sized gearbox (gear outer diame-

ter of =100 mm and tooth width of =20 mm), as an example. ;
This calculation was carried out with the assumption that, due to |

pitting failure, hardened gears have to be replaced at least once

during use of an industrial gearbox, Furthermore, analysis of |
maintenance in Slovenian companies revealed that, in the case |
of medium-sized gearboxes, replacement of a gear takes |

approximately six hours.

Figure 8 shows treatment costs per unit for induction hard- |
ened, through hardened and plasma nitrided gears as a function |
of number of treated gears. In all cases, treatment costs decrease |
with increasing numbers of gears to be treated, as expected.
However. by increasing the number of gears (> 100), plasma |
nitriding became more profitable compared with hardening
(Fig. 8). Another very important cost-saving advantage of plas-
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Figure 7—Pitting wear resistance of heat treated gears. (The top segments
of the bars represent scattering of the results.)
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Figure 8—Heat treatment costs per unit as a function of number of treated
gears.

HEAT TREAT N G |

ma nitriding is the fact that gears of different sizes and shapes
can be nitrided at the same time.

By taking into account the results of pin-on-disc and FZG
tests, as well as production and replacement costs, the following
evaluations can be made:

1.) In the case of special, small-volume gears (< 10), changing
from hardened to plasma nitrided gears may not be profitable.
However, in the case of specialized gears, production of gears

| represents the main part of overall costs. Therefore, prevention

against gear failure represents the main criterion for heat treat-
ment selection.
2.) In the case of larger volumes (> 100), changing from hard-
ened to plasma nitrided gears represents a cost reduction of up
10 50%. For highly loaded gears, this reduction can be even
higher, since plasma nitriding gives up to five times better pit-
ting wear resistance compared with through-hardened gears
(Fig. 7).
Conclusions

The combination of a high surface hardness, a fine surface

microstructure and a tough core, obtained with plasma nitriding,

i leads to favorable tribological properties in nitrided steel. Pin-
on-disc and FZG wear test results show that, compared with
hardening, plasma and pulse plasma nitriding can greatly
| improve sliding wear resistance and—even more so—pitting

wear resistance of 42CrMo4 steel gears.

Depending on the production quantity, both types of plasma
nitriding can be rather expensive. However, changing from
hardened to plasma nitrided gears reduces the probability of
gear failure, and therefore leads to a reduction of overall costs
connected with the gear replacement and cessation of produc-

tion. £

This paper was presented at the International Conference on
Gears, held March 13-15, 2002, in Munich, Germany, and was
published by VDI Verlag in the conference’s proceedings, in
VDI report 1665. Also, the paper was published in Surface

- Engineering, Vol. 17, No. 4 (2001), under the title “Sliding and
| Pitting Wear Resistance of Plasma and Pulse Plasma Nitrided
.~ Steel.”

References

1. Albertin, L., R.L. Frohlich, H. Winter, B.-R. Hohn and K.

| Michaelis. “Load carrying capacity of nitrided steel gears”

(94FTM4), American Gear Manufacturers Association Fall
Technical Meeting, St. Louis, MO, October 1994,

2. Fronius, 8. Maschinenelemente, VEB Verlag Technik, Berlin,
1971.

3. Karamis, M.B. “Tribological behaviour of plasma nitrided
722M24 material under dry sliding conditions,” Wear, Vol. 147,

| No. 2, 1991, pp. 385-399.

4. Arques, J.L., and J.M. Prado. “The dry wear resistance of a

i carbonitrided steel,” Wear, Vol. 100, 1985, pp. 321-332.

36 MARCH/APRIL 2003 » GEAR TECHNOLOGY » www.geartechnology.com » www.powertransmission.com



http://www.gear.te.chnology.com

HEAT TREATING I

5. Roelandt, A., J. Elwart and W. Rembges. “Plasma nitriding of
gear wheels in mass production,” Surface Engineering, Vol. |

No. 3, 1985, pp. 187-191.

6. Bell, T. “Towards designer surfaces,” Industrial Lubrication
and Tribology, Vol. 44, No. 1, 1992, pp. 3-11.

7. Lampe, T., S. Eisenberg and G. Lauden. “Compound layer
formation during plasma nitriding and plasma nitrocarburising,”
Surface Engineering, Vol. 9, No. 1, 1993, pp. 69-76.

8. Karamis, M.B. “Friction and wear behaviour of plasma-
nitrided layers on 3% Cr-Mo steel,” Thin Selid Films, Vol. 203,
No. 1, 1991, pp. 49-60.

9. Huchel, U., J. Crummenauer, S. Stramke and S. Dressler.

| “Pulsed plasma nitriding and wmh:ncd processes,” Proceedings GHOUND GEARS LS Teﬂ or Te" Thousa"d

of the 5th World Seminar on Heat Treatment and Surface
= . e Wy ' = = For small to medium quantities of spurs or helicals that have to
Engineering (IFHT"95), Isfahan, Iran, 1995, pp. 329-335. meet close-tolerance AGMA or DIN specs, our Reishauer grinders
10. Sun, Y., and T. Bell. “Modeling of the plasma nitriding of | and M&M gear analysis systems are the perfect combination.
For Long runs, we offer the unique Liebherr CBN grinding
process with full SPC quality control and documentation.

low alloy steels,” Developments in the nitriding of iron and tita-

nium based alloys, Royal Society London, London, U.K., 1995, So whether your needs are for ten or tens of thousands, we

I1. Winter, H., and K. Michaelis. “FZG Gear Test Rig— | invite you to join the growing list of INSCO customers who rely on
, Description and test possibilities,” CEC 2nd International us for consistent quality, reasonable costs, and reliabie delivery

Symposium of Performance Evaluation of Automotive Fuels P PHONE: 978-448-6368

and Lubricants, Wolfsburg, Germany, June 1985. /A\& FAX: 978-448-5155

12. Podgornik, B., J. Vizintin and V. Leskovsek. “Dry sliding 'mco WEB: inscocorp.com

wear characteristics of induction hardened, conventional plasma A 412 Main Street. Groton, Massachusetts 01450

nitrided and pulse plasma nitrided AIST 4140 steel,” 1SO 9001 Registered

Proceedings of the COST 516 Tribology Symposium, Espoo,
Finland, May 1998, pp. 369-379

» VA b P SRP T 1]
13. Podgornik, B., J. Vizintin and V. Leskovsek. “Wear proper- mr
ties of induction hardened, conventional plasma nitrided and

pulse plasma nitrided AISI 4140 steel in dry sliding conditions,” | High quality and competitive Pl'il:illﬂ. A I
Wear, Vol. 232, No. 2, 1999, pp. 231-242. From the people who invented the Fassler DSA Grinding Wheel
14, Podgorik, B., J. Vizintin and V. Leskovsek. “Sliding wear Dressing process:

characteristics of induction hardened, conventional plasma We would like to present our new module range of diamond

. BN 2 r r r flank and tip dressing.
nitrided and pulse plasma nitrided structural steels,” Proceed- - g .

ings of the 2nd COST 516 Tribology Symposium, Amwerp,
Belgium, May 1999, pp. 171-179.

15. Johnson, K.L. Conract Mechanics, Cambridge University
Press, Cambridge, U.K., 1985.

16. Karamis, M.B. “Expenimental study of the abrasive wear
behaviour of plasma nitrided gearing steel,” Wear, Vol. 161,
1993, pp. 199-206.

Your benefits:
« Increased tool life
« Attractive, factory-direct pricing
« Original Swiss-precision quality
« Higher wear resistance

« Better cutting ability

« Short delivery
Tell Us What You Think . .. » For Fassler DSA, Reishauer SPA and RP2 systems
Visit www.geartechnology.com to -

Contact us with your requirements at:

* Rate this article Fiissler Corporation
. """’c Fagd ”‘"l ""‘: | 131 W, Layton Ave,, Ste. 308, Milwaukee, W 53207
oMske s i Phone: (414) 769-0072 « Fax: (414) 769-8610

www.powertransmission.com » www.geartechnology.com » GEAR TECHNOLOGY « MARCH/APRIL 2003 37



http://www,g.anfIChno/ogy.com
http://WWw..pow.erlransmissio.n'.c,om
http://www.ge.artec.hno.logy.com

Norma B.V. ASS AG
Buy Crown Gear

The manufacturing sector of Crown |
Gear B.V. was acquired by ASS AGand
. Kashifuji, which began in March 2000.

Norma B.V. on Jan. 27.
According to Norma's press release,

ASS AG of Diidingen, Switzerland, has |
taken over the sales and engineering |
activities, while Norma B.V. is the coor-
dinating partner for manufacturing, pro- |
. tions with Inductoheat and relocated.

duction and quality assurance. For the

time being, Crown Gear's production |
facilities will continue to be located in
Hengelo, The Netherlands, to finish out-
: range from general purpose machines to
i custom automated heat treating sys- |

standing supply duties. Soon all manu-
facturing activity will be moved to the

Norma production facilities, which are |
| ing, lost core technology and brazing
| machines. '
in south |

also in Hengelo,
The Brunner-Antriebstechnik Co.

will represent ASS AG

Germany and take over customer sup- |
port.
Crown Gear, inventor of the patented |
Cylkro angular face gears, declared |
bankruptcy Dec. 18. :

Gleason and Kashifuji Add Hob
Sharpening Products to Alliance
Agreement

Gleason Corp. of Rochester, NY, and |
i through the AGMA website.

Kashifuji Works Lid. of Kyoto, Japan,

announced an agreement to develop,
promote, sell and service hob sharpen- |
| other standards available from ANSI's
Internet site.

ing equipment worldwide.
Under the terms of the agreement,

Gleason has exclusive rights to the sales |
and service of Kashifuji hob sharpening |
machines throughout much of the |
world. Gleason’s rights are non-exclu- |
sive in Japan, the Republic of China

(Taiwan) and the Republic of Korea.

Both companies cooperated in the
development of the KG 252L. CNC Hob |
which grinds flutes on |

Sharpener,

INDUSTRY NEVV.S | —

straight or helical hobs up to 10" in | new Abar Ipsen HR 46 vacuum furnace
. diameter and length.

; at its Santa Ana, CA, facility.

This machine is the latest initative in |

the alliance between Gleason and

Welduction Merges
With Inductoheat

According to the company's press
release, the furnace should improve
vacuum capabilities and turnaround

| time. The product will target the tool
[ and die, stainless steel and aerospace
i industries.

Welduction Corp., a manufacturer of |

induction equipment, merged opera-

Both companies are now located in the
same facility in Madison Heights, MI.

i are 36"

Working dimensions of the furnace
x 48" x 33". Load sizes in

- excess of 2,000 Ibs. can be processed.

The all-metal hot zone will operate at

. temperatures up to 2,200°F with ulti-
Inductoheat has product lines that |

tems, mass heating, wire heating, bond-

Both companies are owned by
Inductotherm Industries.
The merger was complete Jan. 1.

AGMA Standards Available
on Internet, CD-ROM

A CD-ROM of all technical stan- |

AGMA. Additionally, members can
download updates through a new agree-
ment with the American National
Standards Institute (ANSI).

When AGMA publishes a new set of
standards, members will be notified via

! e-mail that they can access the informa-
! tion for free on the ANSI website by
{ typing in a user name and password.

dards will be mailed to members of |

mate vacuum of 1 x 107,

Reishauer Expands Capabilities
for Diamond Dressing Tools
Reishauver Corp. of Elgin, IL, com-
pleted a new facility for manufacturing
rotary diamond dressing tools for gear
and non-gear forms,
According to the company’s press

release, the expansion enables
Reishauer to be a single source supplier
of quality diamond dressing tools in

. addition to its hard-gear finishing

| machines.

Non-members can still view the |

standards, but they must order them

Under the terms of the agreement,

members are eligible for discounts on |
i measured in positive and reverse elec-

According to AGMA’'s newsletter,
engineers and designers at member
companies and divisions of multination-

al companies have unlimited access to
i president of Alfe Corporate Group, the
{ parent of Alfe Heat Treating.

AGMA standards electronically.

Bodycote Installs New
Vacuum Furnace
Bodycote North America installed a

The new series of dressing tools
includes SPA, SPA-S, RP-15W and RP-
2SW as well as DSA dressing units in
single taper discs and full form rolls in
single and multiple start configurations,
The RZF/RZP diamond masters are

troplated versions,
Alfe Heat Treat Names
Vice President

Ernie Lackner was promoted to vice

Among his new responsibilities will

| be overseeing the three Alfe divisions in
i Ohio, Michigan and New York.
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Previously, Lackner was general
manager of the Wadsworth, OH, divi-
sion. He has been with Alfe since 1995.

Alfe, headquartered in Fort Wayne,

IN, serves automotive, industrial and
aerospace customers with facilities for
ferrous and nonferrous heat treating.

Master Ge

, ‘7/{'_’_/!:’.?{ ol c/m-f/f')’f/

Rockwell Automation Acquires
CNC Technology
Rockwell Automation acquired some
of the intellectual property associated

with Power Automation’s software- Shaper Cutters [ o S 4 Gear Rolling Tester

based CNC for $5 million. T3 ‘ :
This intellectual property will be ’ =,
used to provide CNC motion solutions

focused on power train applications.
CNC HOB Sharpening

These solutions will be delivered . Machine
through Rockwell’s global manufactur- Ul 2
ok e . tra Precise Hobs R
ing solutions business to expand its = A AL USSELL,
3 curacy Liass:
presence in the global power train auto- Materials: Carbide/Bridge/HSS H OLBROOK &
motive industry. Technology: Dry/High Speed/Hard Hobbing H
p . . Range: 10~ 500 Diametral Pitch EN DERSO N. lNc.
RUCI\'WL‘“ J\UIl)"]ltlu)n l" \ll]“dl]‘ 1717 Route 208 North, Fair Lawn, New jersey 07410
kee, W1, is a global provider of industri- STOCK AVAILABLE Tiggeitag SIL-TIOAS | B 21 TEGY
AMIMBUN [F OCASATARL LRDLUF

al automation b control and infor- Visit our website at: http://www.tru-volute.com
mation solutions for manufacturers.
Power Automation is located in

Pleidelsheim, Germany.

Timken to Receive Payment

from U.S. Treasury

The Timken Co. will be receiving
$54 million from the U.S. Treasury
under the U.S. Continued Dumping and
Subsidy Offset Act (CDSOA).

The CDSOA provides for distri-
bution of money collected by the U.S.
Customer Service from antidumping
cases to qualified domestic producers
that have continued to invest in their
technology, equipment and people.

Timken received a payment from the
U.S. Treasury in 2002 as well.

The Timken Co. of Canton, OH, is
an international manufacturer of bear-
ings, alloy and specialty steels and com-
pam:nt\
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I VIDEO REVIEW I

Fundamentals of Gears and
Gear Manufacturing

SME recently released a 22-minute video, “Fundamentals of
Gears and Gear Manufacturing,” which introduces beginners to
the gear business.

The narrator starts with an overview of manufacturing meth-
ods and finishing techniques, then moves to a description of the
functions of gears: reversing rotational direction, altering the
angular orientation of rotary motion, converting rotary to linear
motion and vice versa, changing speed and changing power
transmission ratios,

The narrator defines the key aspects of a gear, including base
and pitch circle, line of center, pitch point, line of action, pres-
sure angle, outside and root circles, addendum, dedendum, tooth
thickness, circular pitch, face width, tooth face and tooth flank.

As soon as viewers learn the specifics of gears and their
measurements, images of gear teeth pop up on the screen. The
narrator elaborates on these images by noting the difference
between internal and external teeth as well as the varieties of
axis configurations.

Once a gear’s features are defined, the video goes into greater
detail about gear manufacturing processes. In this section, the
narrator focuses on gear generating and gear form cutting. The
gear generating process is broken down into hobbing and shap-
ng.

Several minutes are devoted to hobbing, describing its bene-
fits and drawbacks. For instance, hobbing is limited to produc-
ing external gear teeth on spur and helical gears.

The video also explains how shaping produces gears by rotat-
ing the workpieces in conjunction with a reciprocating cutting
tool. The video demonstrates the use of shaper cutters that are
pinion shaped or multi-tooth rack-shaped or are single-point cut-
ting lools,

As for the other processes, the film touches on broaching and
milling. Broaching is recognized as the fastest method of
machining gears. Furthermore, pot broaching for external teeth
is shown. Two variations on the milling process are given, stan-
dard and gashing on heavy-duty machines,

The video also comes with a free study guide and review
quiz,

“Fundamentals of Gears and Gear Manufacturing” is avail-
able 1o SME members for $229 and 1o non-members for $255.
To order, contact SME’s customer service center by telephone at
(800) 733-4769 or by fax at (312) 240-8252. O
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PRODUCT NEWS

New Gear Roller from
M&M Precision

The GRS-2 double flank gear roller
from M&M Precision Systems Corp. is
designed for composite roll testing or for
use in a comprehensive analysis pack-
age.

According to the company’'s press

release, the roller provides PC-based

analysis software as well as a rugged
construction for use on a shop floor.

A new manual system with plain
diameter fixtures and a dial or digital
indicator is offered as an alternative for
those people seeking a simpler solution
in roll testing.

For more information, contact M&M
Precision of Dayton, OH, by telephone

THE

CORPORATION

586 Hilliard Street, PO. Box 1898, Manchester, CT 06045-1898 U.S.A.
Telephone: 860 649-0000 « Fax: 860 645-6293
Home Page: http://www.purdytransmissions.com
E-Mail: sales@purdytransmissions.com

PURDY

Aerospace

Manufacturing

Technologies
For The 21st
Century

AH-64
Longbow Apache
Attack Helicopter

Main Rotor
Transmission

© 1058 THE PURDY CORPORATION

at (937) B59-8273 or by e-mail at

info@mmprecision.com.

New Bevel Gear Grinding
Machine from Gleason

The Phoenix II 275G gear grinding
machine from Gleason utilizes a mono-
lithic column design to accommodate
gears with pitch diameters up to 275
mm and has a machine footprint of 2.3
x 3.4 meters.

Also included in the design is a self-
electrical enclosure and
hydraulic unit,

According to the company's press

contained

i release, the grinding wheel spindle
| allows fast grinding cycles, high accura-
{ cies, maximum efficiency and low
| grinding costs. The automatic stock
dividing system further assures accurate
| and rapid grinding cycles.

The product is available with either

| Siemens 840D or Fanuc 1601 Model B
CNC controls.

For more information, contact

| Gleason Corp. of Rochester, NY, by

telephone at (585) 473-1000 or on the

Internet at www.gleason.com.

New Gearhead from Mijno
The Type BDB gearhead from Mijno
Precision Gearing substitutes a rotating
flange for an output shaft, opening the

door for creative design solutions.
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Designed for powering the elbows of

robotic arms and rotating large gears or

capstans, the gearhead is offered in
diameters from 64-285 mm
(2.5-11.25").

According to Mijno, this gearhead
eliminates the shaft, thereby omitting its
torsional deflection and leaving the
designer with only the gear teeth back-
lash to consider. The maximum back-
lash offered is 5, 3 or | arc-min.

The company added that the gear-
heads’ internal design concept maxi-
mizes transmittable torque in a short
length. The product family also features
hypertorque versions in selected ratios.

For more information, contact Mijno
Precision Gearing of Park Ridge, IL, by
telephone at (847) 698-9041 or on the
Internet at www.mijno.com.

New Speed Reducer Sizes
from Cone Drive
The Series J Shaft Mounted Sala
Speed Reducer Range from Cone Drive

can now satisfy torque requirements
from 450-57,800 N-m.

All gear teeth are case hardened and
ground, and gear data is selected for
minimum noise and vibration. Fixturing
for the torque arm is integrated in the
gear case, which is prepared for the
mounting of vibration sensors.

Ratios from 5:1, 15:1, 20:1 and 25:1
are offered. In addition, the cast iron
gear case is split for simple assembly
and overhauling, and supplied ready for
mounting of the V-belt cover.

PRODUCT NEWS

For more information, contact Cone
Drive of Traverse City, MI, by e-mail at
cnelson@hydeburnett.co.uk or on the

Internet at www.lextronpt.com,

New Electric Rotary Hearth
Oven from Grieve
The No. 815 is a 500°F electric
rotary hearth oven that is used for pre-

heating gears at a customer’s facility.

According to the company's press

release, the hearth is driven by a 1/4 hp
motor through a gear reducer with a
torque limiting device. The hearth
indexes one position each time the load-
ing door is opened and closed.

In addition, two 2,000 CFM, 2 hp
recirculating blowers provide a vertical
downward airflow over the workload.

For more information, contact The

NACHI .
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I PRODUCT NEWS NN

Grieve Corp. of Round Lake, IL, by
telephone at (847) 546-8225 or on the

Internet at www.grievecorp.com.

New Gearing Component
from HD Systems

The Quantum Series from HD

! Systems is a high torque capacity har-
| monic drive gearing component, deliv-

ering 50% more torque than the compa-
ny’s other gearing components.

The size 14 component maintains
zero backlash, 1 arc-minute positional
accuracy and +/-5 arc-second repeata-
bility, according to the company’s press
release.

The series has an outer diameter of
50 mm and a maximum torque of 60 in.-
Ibs. Additionally, it is available in gear
ratios of 50, 80, and 100:1.

For more information, contact HD
Systems Inc. of Hauppauge, NY, by
telephone at (800) 231-HDSI or by
e-mail at info@HDSInet.

Tell Us What You Think . . .

Visit www.geartechnology.com to

* Rate this column

* Request more information

* Contact companies mentioned

* Make a suggestion

Or call (847) 437-6604 o talk to one of our editors!

44 MARCH/APRIL 2003 » GEAR TECHNOLOGY » www.geartechnology.com » www.powertransmission.com


http://www.grievecorp.com.
mailto:atinjo@HDSl.net
http://www.arTowgear.com
http://www.gtadfJchnology.comto
http://www.powertran,smiss;on.com

ADVERTISER INDEX
USE RAPID READER RESPONSE to contact any advertiser in this issue

www.geartechnology.com/rrr.htm

Rapid Reader Response: It's FAST! It's EASY! It's ONLY ONLINE!
Advertiser Page Phone E-mail Internet
AGMA n (703) 684-0211 gearexpo@agma.org WWW.[jearexpo.com
Ajax Toceo Magnethermic Corp. ‘ 3 I (800) M2-1577 mmorrisoniajaxtocco com ‘ www.ajaxtocco.com
American Metal Treating Co. L] (216) 4314492 bruce@americanmetaltreating.com www.americanmetaltreating com
Applied Process Inc. |- <l (794} 464-200 | info@appliedprocess.com " wwwappliedprocess.com
Arrow Gear Co. “ 1630} %68- 1640 bevels@airowgens com WWWBITOWGBLCOM
AW Systoms Co. . ()52 | ‘
B&R Machine and Gear Corp. B (800) 238-0651 Inquirygt@brgear.com . www.brgear.com
Barit International Corp. ] (847) 272-8128 peaple@barit.com ‘ www.barit.com
Bourn & Koch Machine Tool Co. 47,0BC (B15) 965-4013 boumkoch@worldnetatt.net www.bourn-koch.com
Cincinnati Steel Treating Co. » | sIn-nn | cst@stesliraating.com | www.steeltreating com
Dr. Kaiser (S.L Munson) F] (800}775-1390 iro@simunson.com
Dragon Precision Tools Co. Lid. | @ igia] (440) 331-0038 | galienco@msn.com ‘ www.gallenco.com
(Greg Allen Co | | www.dragon.co.kr
Fassler Corp. 5N (414) 768-0072 usafaessier-ag.ch www laesslor-ag.ch
Formax Precision Gear Inc. a (586) 323-9067 |
The Gear Industry Home Page™ L] (B47) 437-6604 peopled@igeartochnology.com www.geartechnology.com
Gear Motions Inc. a | (315) 488-0100 | | www.gearmotions.com
The Gear Works-Seattle Inc % (206) 762-3333 sales @thegearworks.com www.thegearworks.com
Gleason Corp. wa | (585) 473-1000 dmeltondgleason com | wwwgleason.com
Gleason Cutting Tools Corp. 1864 |B15) §77-3600 dmelton@gleason.com www.gleason.com
Indiana Too! / Ingiana Gear n | {570 5362112 ' | o tamco.com
Inductoheat 1 (B00) 624-6297 sales@inductoheatcom www.inductoheat.com
Insco Corp. » | (978) 443-6368 salesdiinscocorp.com ‘ www.imcocorp com
Interstate Tool Corp. Ly I (216) 6M-1077 www.interstatetoolcor.com
Ipsen Internationnl ] (815) 332- 4941 | sales@abaripsen.com | www.ipsen-intl com
ITW Heartland n (320) 762-8182 itwgears@rea-alp.com www.itwgears.com
Koro Sharpening Service 0 (763) a25-5247 steve 3koroind com | wwwkorsind com
Kreiter Geartech Ly (n3) 237-971%3 kreiter@kreiter-geartech.com www_ kreiter-geartech.com
LeCount Inc. ¥ (300)6M26713, (002) 262200 sales@lecountcom | wwwlscountcom
Liebherr Gear Technology Co. 5 (734) 429-7225 info@igtliebherr.com www.liebherr.com
Midwest Gear & Tool Inc. n | (586) 754-8923 _ rosscridatglobal net |
Midwest Gear Corp. L ] (330) 4254419 sales@mwgear.com WwWw.Imwgear.com
Nachi Machining Technology Co. s (586) 263-0100 sales@nachimtc com | www.nachimtc.com
Niagara Gear Corp. L] (BO0} 447-2392. (T16) B74-3121 info@#niagaragear.com WWW.NIAGAIAgear com
Paulo Products Co. © | (866) PAULOAU sales@pavlo.com | www.paulo.com
Perry Technology Corp. IBC |860) 738-2525 sales@perrygear.com WWW.perrygesr.com
powertransmission com™ 0 (847) 437-6604 pisales@powertiansmission.com  www.powertransmission com
Process Gear/Bengal Industries a (847) 671-1631 jherti@processgear.com Www.processgear.com
The Purdy Corp. | i (850 643-0000 sales@purdytransmissions.com | www.purdytransmissions.com
Russell. Holbrook & Henderson Inc. k] (201) 796-5445 sales Gtru-volute.com www.tri-volute.com
Star-5U Inc. 46, 0BC (847) 649-1450 sales@star-su.com Www.star-su.com
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CLASSIFIEDS

B Gear cutting from raw
material to finished parts

¥ Ground tooth gears and
pinions to 1 D.P. and up to
B A.G.M.A. quality class 12

From 1* Dismeter. @ D P

o maximam sires isted Max Foce | Max Sire | Max. Pitch
Spur Ganry n RD 10.R
Helical Goors w 7 RD 10P
Spor & Hehcw Gean

Crown Hobbad 7. Tr'FD 10F
internad Gears A Splne ¥ 10 PO 114 0P
Grownd Geans, Crowsed or Strasght w ITRD 10P
Merrngbon Gearn Cered Giove " w PO 20P

JV\L MIDWEST GEAR CORP.
D ot S hmctere gy
2182 E, Aurora Rd., Dept MG, Twinshurg OH 44087
Phone: (330) 425-4419 = Fax: (330) 425-8600
www.mwgear.com * E-mail: sales@mwgear.com

Induction Hardening

= BROACH SHARPENING
* HOB SHARPENING
* SHAVING CUTTER GRINDING

« THIN FILM COATING
* CUSTOM HEAT TREAT SERVICE

PICGK UP AND DELIVERY IN MANY AREAS

Gleason Cutting Tools
CORPORATION
1351 Windsor Road
Loves Park, IL 61111 USA
Phone: 815-877-8900
Fax: 815-877-0264
Website: www.gleason.com
E-Mail: gctc@gleason.com

WHEN IT HAS TO BE RIGHT

* Gear Grinding to 94"
¢ Industrial Gears to 250" THE
* Turbo Compressor Gears GEAR

* Custom Drives
* Spline Broaching
* Gear Metrology
* Stock Planetary Speed Reducers

2 O\ By E v -
GEARSON AEPAIA

WORKS

| Custom Gear Services Since 1946 I

1S0-9001
www.thegearworks.com

Sharpening Service

for hobs, milling cutters
shaper cutters, shaving cutters

Specialists in Tooth by Tooth
Contour Hardening of Internal

Spur, helical and bevel gears

Our gear hardening equipment
includes 5 NATCO submerged
process machines and 5 AJAX

(50

CNC-controlled gear scanning *
machines. Tooth by tooth gear 15

hardening from .50P-10DP, up to

.3 5200 Prairie Stone Parkway, Suite 100
15 tons, 200" diameter.

Hoffman Estates, IL 60192
) " Tel.: (847) 649-1450 - Fax: (847) 649-0112
American Metal Treating Company
Cleveland, Ohio 2083 W.M-55, West Branch, M| 48661

Phone: (216) 431-4492 « Fax: (216) 431-1508 1-888-Resharp 1-888-737-4277

Web: www.americanmetaltreating.com Tel.: (989) 345 -2865 - Fax: (989) 345-5660
E-mail: bruce@americanmetaltreating.com - m—
1580 Progress Dr., Richmond, IN 47374
Tel.: (765) 935-7424 - Fax: (765) 935-7631

Breakdown Service Available

The Gear Works—Seattle, Inc.
500 S. Portland Street
Seattle, WA 98108-0886

Phone: (206) 762-3333
Fax: (206) 7 704
E-mail: sales@thegearworks.com

PRECISION GROUND GEARS

B Spur, Helical and Pump fER
Gears to AGMA Class 15 (3
I Fealuring the latest grinding
and CNC technology including:
* Reishauer RZ300E Electronic
Gear Grinders
» Gleason TAG 400 CNC, B-axis
High Production Gear Grinder
* Full CNC Multi-axis Cylindrical
Grinding (Internal and External)
* High Performance CNC Hobbing
B Continuous Process Improvement
Utilizing SPC and Quality Planning
W JIT Delivery using Innovative
Stocking Programs -~

5‘_...

W7'2392 E= ) 7] |TE;_P:M1IDI|
Fax:T16-8749003 7

%
MM”

20

Rates—Line Classified: 1" minimum, $325. Additional lines $45 per line (8 lines per inch)
Display Classified: 3" minimum: 1X—$735, 3X—S$685 per insertion, 6X—53$645 per insertion.
Additional per inch: 1X—3$255, IX—$235 per insertion, 6X—$225 per insertion. Color
Classified: Add $150 per insertion for color. Gear Technology will set type to advertiser's layout
or design a classified ad at no extra charge. Payment: Full payment must accompany classified
ads, Send check drawn in U.S. funds on a U.S. bank or Visa/MasterCard/American Express num-
ber and expiration date to Gear Technology, P.O. Box 1426, Elk Grove Village, IL 60009. Agency
Commission: No agency commission on classified ads. Materials Deadline: Ads must be
received by the 15th of the month, two months prior to publication. Acceptance: Publisher

reserves the right to accept or reject advertisements at his discretion

HELP WANTED

MANUFACTURING SALES REPS
wanted lor
Frenco - Spline and Gear Gaging
MyTec - Precision Hydraulic
Expansion Arbors & Chucks
Territories Available Throughout U.S
CONTACT EURO-TECH FOR DETAILS

262.781.6777
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SERVICE

WEBSITES

HOB SHARPENING
(763) 425-5247

% THIN FILM COATINGS %
HSS & Carbide up to 5" Dia.
Straight Gash,

Sharpened & Inspected
Per AGMA STANDARDS
Quick Turnaround

KORO SHARPENING SERVICE
9530 - 85TH AVENUE NO.
MAPLE GROVE, MN 55369
info@koroind.com

GEAR TOOTH
GRINDING SERVICES

Spur - Helical - Double Helical

Capacity up to 605 0.0, 1 DP, 29
Stroke, All ground gears certified up to
AGMA Class 14+ on Zeiss-Hofler 1602
CMM. Inventory of grinders includes
Hdfler 800, Hofler 1253 Supra, Hofler 1500,
two Hiéfler Nova CNC 1000s (Fully CNC
with on-board CMM checker), and
Héfler Rapid 1000 Form Grinder.

Kreiter Geartech
2530 Garrow St., Houston, TX 77003
Phone: 713-237-9793 Fax: 713-237-1209
Contact: Mr. Willie Whittington
Visit our Website at
www.kreiter-geartech.com

CONTRACT METROLOGY SERVICES

CURVIC COUPLING GRINDING
& INSPECTION

BEVEL & CYLINDRICAL

DEVELOPMENTS & PROTOTYPES

APPLICATION ENGINEERING
SUPPORT & DESIGN SERVICES

HEAT TREATMENT
SPECIALIZED GEAR SERVICES

The Gleason Works

1000 University Ave., P.O. Box 22970
Rochester, NY 14692-2970 U.S.A.
Phone: 585/473-1000
Fax: 585/461-4348
E-mail: sales@gleason.com

www.gleason.com

GEAR MOTIONS, INC.

www.gearmotions.com

ey

INTERSTATE TOOL CORP.
CLEVELAND, OHIO

S

CUSTOM ENGINEERED &
MANUFACTURED CUTTING TOOLS
ESTABLISHED 1360

FORM RELIEVED & PROFILE GROUND
MILLING CUTTERS
GEAR SHAPER & SHAVING CUTTERS
ALL CLASSES OF HOBS
HSS. SOLID CARBIDE & CARBIDE TIPPED

WHETHER YOU NEED NEW TOOLS,
MODIFICATIONS, RESHARPENING,
REPAIRS OR M&M INSPECTIONS,

CONTACT US FOR A QUOTE TODAY!

www.interstatetoolcor.com
Tel: 216-671-1077 = Fax: 216-671-5431

i

IR

GLEASON CUTTING TOOLS
CORPORATION

1 Cuta Tools Cor

As the purchaser of the
FELLOWS Product line,

we can offer you PARTS,
SERVICE, SUPPORT,

NEW FELLOWS gear

shapers and remanufacture/
retrofit of your existing

FELLOWS machines from

many of the same professionals
you have worked with in the past.

sSK

BOURN
SKOCH
Phone (815) 965-4013

Fax (815) 965-0019
rnk rl attn

www.bourn-koch.com

Precision Spline Grinding-Service

fAerospace, Commercial, Defense
Splines & Gears / Int. & Ext.

«Crowns « Sectors
*Tapered Arbors  « Timing/Loc.
+Spline Goges *Master Geans
+Spline Collets  +Salvoge/Repain
* Nital Etch * Weep-Outs

*Small Wheel Jobs (3/8" Diameter)
*1 Page Charting on Form, Leod, Index, R/O
* Mew MEM Geor Analyrer
+*ME&M Inspection Time

PRECISION GEAR, INC.
6047 18 Mile Road
Sterling Heights, M1 48314
PH (586) 323.9067
FAX (586) 323.9069

www. gl'!.’BSOﬂ. com
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ADDENDUM

sear Museum Road Trip

hat's the perfect vacation |

destination for a gear afi-
cionado? Aspen? Too trendy.
Miami? Too humid. For a
true machinery enthusiast, the perfect
vacation is a gear museum road trip.
Like Caribbean island-hoppers, gear
road trippers can send postcards from
their many destinations.

First stop—Dearborn, ML, site of the |
Henry Ford Museum and Greenfield |

Village. The 12-acre

described as “a haven for mechanical |
engineering nuts.” The museum is home |
to steam locomotive repair facilities as |
well as Thomas Edison's Menlo Park |
labs (where the light bulb was invented) |

and Ford's workshops. The museum

also contains old cars, steam engines |

and restored 1880s factories.

Manufacturing machinery is held in |
America” |

the museum’s “Made in

exhibit. Most of the equipment falls into
the category of production manufactur- |
ing. Among other things, the exhibit
houses the manufacturing equipment |

for the Model T cars. Other gear equip-

ment is still in storage at the museum, |
like a gear cutting machine from the |
1890s and various Gleason and Bilgram |

gear cutting machines. Gears exist with-

in the museum in grandfather clocks, |

steam engines and various other loca-
tions within the museum. In addition,

curators boast of a generator that stands |

two stories high.

The Midwest is home to plenty of
other gear-related destinations. Among
the more famous is Chicago’s Museum
of Science and Industry. A permanent

fixture at the museum is the “Animated |

Industrial Gears™ exhibit, which show-

cases gears and motion devices from |
Borg-Warner Corp.’s exhibit at the |

Century of Progress International

Exposition in 1933. One feature is |

Cartwright’s straight line mechanism,

museum is |

which has two gears and two connecting
arms of equal size, as well as historic
motion devices.

After that quick stop in the Windy
City, start caravaning eastward to New
England. It’s a long drive to Windsor,
VT. but well worth it. Once there, post-
pone the skiing and try the American

Precision Museum.
There,
terpieces,

you'll find engineering mas-

like two gear measuring
machines for involutes developed by
Fellows Corp. (the company founded by
gear pioneer Edwin R. Fellows, inven-
tor of the gear shaper machine). You'll
also find gear milling machines that
date as far back as 1836 and one from
Ezra Gould’s 1858 collection.

John Alexander, most of the visitors al

retired machinists and engineering pro-
fessionals. A real crowd pleaser is the
demonstration of indexing on a bench-
top miller. The process involves milling

museum’s and Windsor, VT,
stamped on it. Museum attendees can
take the makeshift gears home as sou-

name

venirs of the day.
Don’t spend all your money on sou-

at The Smithsonian Institution in
memorabilia available for purchase.

Although it's more well-known for the

wing called “Engines of Change: The
American  Industrial  Revolution,
1790-1860." In those halls, you can
find wheels, steam powered machines,
and replicas from machine shops. A spe-
| cial highlight of this stop is seeing gears
| constructed of five species of wood.

For those people who want the com-

| . .
| plete gear-themed road trip and are will-

venirs in Vermont, though. The gift shop |

|
|
! Washington, D.C., probably has lots of
|

According to collections technician |
| dedicated to

the American Precision Museum are |

gears on a 1/8" piece of brass with the |

First Lady exhibit or the Hope diamond |
exhibit, the Smithsonian also houses a |

These antique gears at The Smithsonian
Institution's “Engines of Change™ exhibit are
constructed with five species of wood.

ing to spend some lira, the Leonardo
Museum located inside a medieval cas-
tle in Vinci, Italy, is the ultimate culmi-
nation to this trip. At the museum'’s
opening in 1953, the first exhibit was
models of machines
inspired by da Vinci's designs. Today,
the museum is home to more than 50
models, many of which include various
types of gears.

How to cross the Atlantic during a
road trip is up to you. But, you're a gear
pro: you know how to solve difficult
problems. ©

Tell Us What You Think.. . .

Visit www.geartechnology.com to

* Rate this column

* Request more information

* Contact the organizations mentioned

* Make a suggestion

Or call (847) 437-6604 to talk to one of our
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Services:

Face Gear, Bevel & Worm Electrode Machining
Hofler CNC Gear, Spline & Worm Inspection
Drake CNC Thread & Worm Grinding

Helical & Spur Face Gear Machining

CNC Koepfer Production Hobbing

Facility, Machines & People:
83,000 total square feet.
CNC turning, CNC 4 axis

5 o Custom Worm Wheel Flycutting
milling, CNC ID/OD grinding, . <
CNC worm grinding, CNC CNC Cégy:rihgﬂ'qaég::
shaping, CNC hobbing, CNC Harld Geagr Skiving
gear and spline inspection, : Prototypes o?
keyseating, broaching, :
bevel cutting, full tool room THE ProGuCHon
and many manual shaping,
hobbing, turning, milling and | GEAR & sleNE
threading machines.

Combination of 85 experienced

gear engineers and machinists EXPERTS

conversant in MasterCam,

AutoCad and CNC programming. PO. Box 21

We have routine continuous
improvement events and are
always upgrading our systems,
equipment and methods to
remain your first choice in
gear manufacturers.

29 Industrial Park Road.

New Hartford, CT. 06057

Ph: (860) 738-2525 Fax: (860) 738-2455
E-mail: sales@perrygear.com

Web: www.perrygear.com
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Your global source for
shaping machines.

BOURN
& KOCH:}

2500 Kishwaukee St

bou 0 ¢
www.bourn-

The global enterprises of Bourn &
Koch and Star-SU provide com-
plete solutions for gear manufactu-
ring of all types. Machines, tools,
tool services, integration, service,
and training services are available
anywhere in the world — and right
next door. Call us. We're closer
than you may think.

Your global source for
gear shaper cutters.

(far i

5200 Prairie Stone Parkway, 23461 Industrial Park Drive
Suite 100 Farmington Hills,

Hoffman Estates, IL 60192  MI 48335-2855

Tel.: B47 649-1450 Tel.: 248 474-8200

Fax: B47 649-0112 Fax: 248 474-9518
sales @ suamerica.com

Www.star-su.com

GT D103
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