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CIC ,ear man~fac;ur~~ga decade ago

IS reshaping that tech_~ology
all Amel-ic,an ipfau,,-er loday.
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The Techn,ology
American Pfauter's third 'generation of CNC
controlled gear manufacturing machines
offer increased capabilities. This equipment
includes automatic workpiece,. fixture and
cutter changing, integrated inspection and
size control and cell or system capability.
The worldwide acceptance of Pfauter CNC
Hobbing; and Finishing, Kapp CNC
controlled CBN Hard Gear & Form Grinding,
Hoefler CNC Gear 'Inspection Centers and
the SYkes CNC Shaping equipment has
produced revolutionary changes. Auto-
motive, aerospace, marine, in-fact, every
industry using gears no longer questions
whether or not to use this technology ... it's a
matter of survival

The P:eople
At.American Pfauter we're carrying on the
tradition of excellenoe begun in 1900. We're
involved linexciting new directions in gear
manufacturing that have already made

traditional technology obsolete. Thanks to
the talent and dedicated efforts of our
people, the new generation of CNCgear
systems are presently in use in American
Industry. The engineers,. technicians,
designers and staff that make up American
Pfauter are the best and brightest the gear
industry has to offer, The wealth o~
knowledge and experience they possess,
together with their infectious enthusiasm to'
succeed just can't be found anywhere else,

The 'Comm'ittment
The American Pfauter family of companies
is committed to offering a complete range of
modern CNC gear production technology.
Everything from individual hobbing, grinding"
measuring and finiShing machines, to .
customized flexible gear manufacturing
systems for large or small lot sizes, For
additional information, contact American
Pfauter Ltd., 925 East Estes Avenue, Elk
Grove Village, IL 6000'7. Phone (312)
640'-750'0'.
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Who Says Quality Has to Cost More?
Don't! New Angle Gear produces precision, hard finished

spiral bevel gearing, at cut and lapped prices.
Utilizing the Klingelnberg HPG-S method, state-

of-the-art equipment delivers spiral bevel gears up
to 30 inches diameter, at AGMA Levels 10-13.And
New Angle gears accommodate higher loads
(torque) with "whisper" quiet operation. Or ... you
may opt to reduce gear size to further reduce cost.

Also, matched sets are a thing of the past with
our process of proven repeatability. r-~..- 7

Our FREE quick facts brochure can ...........,
tell you a lot more ... Write or Call: I. I

·iF ~.:::., )
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NEW ANGLI GIAR
King of Prussia, PA 19406
Phone: (215)337-5400
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NOW A NEW HOBBER FROM MIITSUBI~SH1,
YOU CAN'T BEAT liT! COMIPARE AN,D'SIEE!~

III addition 10 Ibe GII"seri· ICNC gear hobbing
machines which covers a range from 10" 1040 w

diameter gears, Mltsubishi is now announcing th
new high performanoe GAI5CNC gear hobber.
T~be'GIII5C~Cis a 6," machine with bob rotation
of 1000rpmand! !able rotation of 150rpm as stan-
dard wbere it is an option with olher manufac-
turers. This enables You to 'LIsemul tlple thread
bobs, to get higher production rates. Our results
sbow that the culling time can be reduced 10
about one hair or the oonventional machines.
Needless :10 say, with the CNC control feature,
there are no gears 10 change. Quick change hebs
and quick cI1allge fixlures all adds up, to qllick
changeover time. Setup time is, reduced to about
one tbill:! ,compared 'Io'·conventional machines.
"MENU" programming is anotber great feature.
This relieves the operator :from tedious calcula.·

lions. Just input Ihe gea.1 and hob data. The built·
in software will do all the calculations for you!
You can also save lloor space, hence :money, with
our machine. It taltesonJy 50 sq. ft oInoor
space! Compare it with the ,others. You'll be sav-
ing 112 to 3/4 of your valuable floor space!
ibis is only the beginning! :For further details.
call or write us NOW!

Main Specifications
Maximum part diameter 6', optional 8'
Maximum pitch 60P
Maximum hob diameter 4.7·
Maximum hob length 7'
'Hob shift 5'
Hob speed 150 to 1000 rpm
Hob head swivel +I - 45 dey.
Table speed 150 rpm
Main motor 1.5 hp

, ,MIITSUB,ISHil
.... IM'EAVY II:NDUSTRIES, LTD.

5-1. Marunouchl 2-chome. ChI}'Qda·ku. lOkyo. Japan
Cable Address: HISHIJU lOKYO

Mitsubishi Heavy Ilnd'uatries Amarica" Inc.
673 Supreme Dnve. Bensemlle. lt, 00106 'Phone; (312) 86Q.422O

Mitsubllhllntamatkmal Corporation,
873 Supreme DrtV!!\ BensarMIle.. IL60106 PhOne: (312) 86Q.4222
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Dear Editor:

Sub: 'Finding Gear Tooth Ratios'article published in
Nov/Dec 1985 issue

Let us congratulate you and Orthwein. W,e. for
publishing' this superb article in Gear Technology Jour-
naL We liked the article very much and wish to impli-
ment it in our regular practice,

During 'go-through' your article, we face two difficulties
which are given below:

I, In the main program of GEAR RATIO (page 27) the 8th
step is "Call GRATIO" IRB.EB).But we find nowhere the
formula to find out RB.

2. In the 5th step of the same program (Calf FACT (PC] and
call FACT (PC). we think tt1at second subroutine to be
called in this step should be 'call FACT rOC]'

Thanking you and awaiting an early clarification.

HV Joshi
Manager: Gear Design
Elecon Engineering Co. Ltd.

Authors Note:
The author would like to thank Mr. Joshi for his interest
in the article "Finding Gear Teeth Ratios" which ap-
peared in GEAR TECHNOLOGY, Vol. 2, NO.6,
November/December, 1985. He is correct in observing
that the CALL statement in step 5 (Box 5) in Fig,2,
page 27, should read "Call FACT (PC] Call FACT (OC).
R8 and ,EBare used as augments of GRATIO in step 8
(Box 8) of the flow chart in Fig. 2 to emphasize that the
remainder of the program is devoted to finding qear
tooth ratios for the additional base points selected in the
acceptable range from R - E/N to R + E/N. The FAC-
TOR and' EUM routines may be applied to this ratio as it
was applied to the central ratio !Rwhen the first per-
missable error was from R - E to R + E. That may have
been clearer if rountines FACTOR and EUM had both
been included in [he third block from the bottom of the
flow chart Finally, the number of teeth N4 in Fig. 7,
page 29 of the GEAR TECHNOLOGY article should refer
to the larger of the two gears of shaft three.

Dr. William Orthwein

r have read the material presented in recent issues of
your rnaqazme GEAR Technology. r am impressed with
the up-to-dateness of your editorial content; neither
have you neglected the basics of the industry so impor-
tant to newcomers.

The mrernanonal aspect of modern manufacturing
needs magazines of this caliber.

Best Regards
Henry H. Ryffel, Editor
MACHINERY'S Handbook

NOTES FROM
THE EDITOR'S

DESK
This issue of GEAR
TECHNOLOGY, The
Journal of Gear Manu-
facturing. marks the end
of our second year of
publication As we
approach our third year,
it is time to review our
statement of purpose
GEAR TECHNOLOGY'S
primary goal was and is
to be a reference source
and a forum for the
American Gear In-

dustry, and to advance gear technology throughout
the world.

We appreciate the cooperation and support that we
have received from the many technical societiessuch
as the American Gear Manufacturer's Association,
Society of Manufactunng Engineers, American Society
of Mechanical Engineers, ASME-Gear ResearchInstitute
and the Institute de L'engrenage et de Transmlssions.
We have had the opportunity to attend technical con-
rerencesand talk with readers and authors to get a
feel for your problems and interests. As our publication
has grown, it has been rewarding to see growth In
attendance at these conferences as well

We have seen our readership grow and extend to 33
countries. What is most gratifying is that this growth
has come during one of the most difficult times for the
American manufacturing industry and for Cadillac
Machinery, my family's machine tool business. Yet. I
look rorward to the future With great anticipation
Some sectors of our industry are already very strong-
others, are showing the first real signs of awakening.
While the orecoirous drop in oil prices will take Its toll
on those serving the energy sector, i[ should. along
with decreasing Interest rates and a falling dollar. pro-
vide higher levels of businessand increased profits to
those companies that continue to prepare and mvesr
in the changing competitive climate.
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ILLITRO'N'S M10'DEL 9,400 CNC G,EAR II:N:SPECTION SYSTiEM

When yo:u look for' the best,...
look for the IIL,LITRON:!

• It's the most advanced gear In·
spection system on the market.

• It provides complete gear
Inspection and analysis up to
twice as fast as any other
machine.

'. It's the machine you need today
with the built in flexibHity to
accommodate tomorrow's
needs as weU.

• It has a unique single or double
flank analysis capability.

The Model 9400 autornatlcally
checks lead, involute profile, in-
dex and spacing of external and

internal gears and splines, as well,
as other geometric shapes, all
with one setup. Each part config-
uration requires only one-time In-
put of inspection parameters.
After that, data Is recalled simply
by inputting the part number.

An extensive software library
to AGMA and DIN standards is
available. The menu-oriented sys-
tem makes the' operation quick
and ,easy,even for inexperienced
personnel.

To see the 9400 in action, or
for further information, call or
write ITW lllltron.

MULTI-AXIS CAPABILITY

• STANDARD • OPTIONAL
Optional "6" axis allows helix angle of probe
to be automatically set.

Optional "A" axis automates overarm clamp-
ing for robolloading.
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Gear Systems and Gene.ratingTools
3601 WESTTOUHY AVENUE
LINCOLNWOOD, IlLiNOIS6064S
PHONE: 3121761-2100



Yes, we can!
Yes, we can respond to your ,gear ,generating tool needs with the
speed you require in these competitive times.
Yes, we can offer surprisingly competitive prices as wel'l as an
expanded line of standard off-the-shelf g:ear tools.
Yes, we can respond fast with engineered specials and prototypes,
Yes, we can provide you with the precision hobs, shaper cutters,
master gears and worm gear Mobs thai continue to set the' quality
standards of the industry.
Yes, we can quickly supply reliable, economical gear generating
tools that will help America's gear makers gain a competitive edge.

These are tough, competitive times for America's g.ear makers.
Illinois Tools Is a tough, competitive supp/l'er! We've created individu-
al manufacturing cells g;eared to meet the specific needs of specific
industries. These are responsive, flexible, highly skilled units.

We've establlshed a Gear Tool Hotline to answer questions and
provide the latest information on gear toolling. Jlust call, liOll FREE,
1-800·628·2220 (in Illinois, call 1-800-628-2221). Our widely .
acclaimed Gear School! also continues to keep America's gear tech-
nologists up to date on the latest state-of-the-art in gear making and
gear inspection.

In gear making, competitive performance starts with the first
cut. ILLINOIS TOOLS willi help you cut it with faster deliveries and
lower costs!

Yes, we can provide you with a competitive edge! Call us.

ITWlllllinois'lools
Gear Tool Specraltsts

An Illinois Tool Works Company
3601 W. Touhy Ave.lUncolnwood, IlL60645/312-761-2100

GEAR TOOL HOTLINE
PnoneTOLL FREE' HIOD-62I!-222D

In IIIlnolo call: 1·800-62£1.2221



Be~ore'you buy a CNCGear
Inspection system: ask
these four Questions

1.Can we g:etcomplete inspection of
both gears and cutting tools?
With the M & M 2000 QC System, the answer is
~. The system will test lead and involute profile
characteristics of internal or external gears and splines.
It is the only universal gear tester available which provides
true mdex testingl without expensive attachments. In addition,
we have' fully-developed software for checkjngl hobs, shaver
cutters, shapercutters, and other cylindrical parts such as
worms and cams.

Shaver Cutter lead Check

2. Canlyou customize software te meet our quality-
inspection specifications?
AI M & M Precision, we write and devel'op ourownmspeenon
software. OurtechnicaJ team C8Jl and has Implemented in-
spection speoifications into specific software tor individual re-
quirements. Our current library includes iline/curve fitting, as
weill as modjfied K·chart analysis routines.

Une!Curve IFittingl

3. 'OK, you can inspect gear.s
and cutting tools. What else is available to

aid us ilnquality contr,ol of the' manufactur,ing
process?

At M & M Precision, we have full:Y lintegratedsuch advanced
software packages as Statistical Process Control and Tooth
Topography linto our standard testing softwrue. Our SPC pro-
gram can identify non-random variations and provide eaJly
warning ot variations which are approaching tolerance' limits.
Our Tooth Topography sonware features automatic testing ,of
lead and involute at multip'le locatlons and provides two,. and
thrae-dirnenslonal graphics.

SPC Run Chart Topological Map

4. Do you have the technical.supportleam and In-
stallation experience to back up the hardware and
software provided?
At M &. M Precision, we have a technicall team with over 45
man-years of experience in developing eNC gear inspection
hardware and sottware. All software for our QC 2000 System
has been developed in-house. In addition, we have working
installations at these leading companies: -

• Genera'l Motors • Cincinnati Milacron
• TRW • Chrysler
• Ford Motor • Pratt & Whitney
• Warner Gear • RocketdY1l9

For details on our advancedQG 2000 System andavallable
software, contact M& M Precision Systems, 300 Progress
IAoad, West Carrollton, Ohio 45449, 513/859'·8273,

M&M .PRECISICN
SYSTEMS'

AN ACME CLEVELAND CDMPArv'"
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Degree from India. and a Master's degree from McMaster University
in Canada. and iii Doctorate from the University of Wisconsin-
Mad'ison, all .in mechanical engineering. He was employed at Cen-
tral Machine Too! Institute in India and Battelle Columbus
Lnboratories in Columbus, Ohio before joining National Broach and
Machine in 1983. He is a member of the ASME, SME and NAMRI.
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responsible for the research. development and testing effort that is
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currently the Supervisor of Product Development for National Broach.
He is a member of ASME and SME.

Abstract

Until recently, form gear grinding was conducted almost exclusive-
ly with dressable, conventional abrasive grinding wheels. In recent
years, preformed, plated Cubic Boron Nitride (CBN) wheels have
been introduced to this operation and a considerable amount or
literature has been published. thaI claim that conventional grinding
wheels will be completely replaced in 'the future. The superior
machining properties of the CBN wheel are not disputed in this
paper. For what the conventional wheel suffers from in the way of
inferior machining properties, it makes up for in its inherent flex-
ibility, for unlike the CBN wheel, the dressable wheel is not limited
to one gear tooth form. Consequently, it is ,a matter of economics
dictated by costs and production size since the CBN wheel is also
considerably more expensive than its conventional abrasive counter-
part. In order to be able to evaluare the economics of using different
types of grinding wheels, an analysis technique is presented in this
paper,

Manufacturing economic equations are used which were special-
ly adapted to the gear grinding process. Process parameters used
in the equations include, in addition to feeds and tool life; machine
and overhead costs, dressing time, diamond costs, and many other
factors peculiar to gear grinding .. Special case studies are also.
presented to. illlustrate the use of the method and to show that CBN
grinding is not limited only to large lot sizes nor is it a universal
replacement for dressable wheel grinding.

The analysis has been written into. a. computer program which
can run on most personal computers. This program is available from
National Broach and Machine for use in process pla~ing decision
making.

Introduction
Currently, there are essentially two basic processes for

finishing hardened gears to AGMA class 12 and better. They
are generative grinding and form grinding. Lately, several
new processes for high speed .finishingof hard gears have been
developed, however, they are still somewhat experimental.
and their USeis net widespread. In the generative geargrind-
ing process, the grinding wheel.is in the form of an abrasive
rack moving in mesh with the work gear. The relative mo-
tion between the wheel and the work gear, in combination
with the rolling action, results in the abrasive generation of
the teeth of the work gear. In the form gear grinding pro-
cess, the grinding wheel has a profile representing the tooth
space between two adjacent gear teeth. When this formed
wheel is moved between the teeth of the work gear, it removes
the excess stock resulting in the finished gear with improved
accuracies. The generative grinding process is sometimes
faster, if a continuous method (using a rotating, worm shaped
wheel) is used, in comparison to form and non-continuous
generative grinding where only a set of .adjacent flanks are
machined at a time. The generative process, however, is
limited to involute forms with minor modifications while the
form grinding process is virtually unlimited in terms of tooth
profiles that can be produced, Form grinding also has the ad-
vantage of being able to grind specialized root profiles. This
is generally not possible with generative grinding. FO.r these
reasons the use of the form gear grinding process is expected
to increase, especially in the aerospace industry. This article
win concern itself exclusively with the form gear grinding
method.

In the past, form gear grinding was conducted almost en-
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tirely with dressable conventional grinding wheels, The gear
grinding machines were equipped with dressing mechanisms
to accurately profile the grinding wheel to conform to the
space between the flanks of two adjacent teeth. Dressing was
also carried out when the wear on the wheel resulted in unac-
ceptable deterioration 'of the profile or when. a change was
required in the tooth profile of the gear being processed ..In
recent years, wheels using the abrasive Cubic Boron Nitride
(CBN) have been used in areas previously dominated by con-
ventional. wheels. In the form gear grinding area, direct
plated, single-layer and reverse plated, multi-layer CBN
wheels have been introduced with successful results.

CBN is a man-made crystal surpassed in hardness only by
the diamond. When used as an abrasive, it is extremely wear-
resistant and able to retain its sharpness for a long time.
Because of its cubic shape, it has pronounced cutting edges.
CBN wheels are currently available in four bond types. They
are resinoid, vitrified, metal and electroplated. Since form
gear grinding requires extreme accuracy in the profile of the
wheel and the former three bond types requite occasional
dressing (which is usually very difficult), electroplated wheels
are generally considered the best wheel for the process.(1)*
In this type, the exact form of the tooth space is represented
by the wheel and dressing is not performed. When elec-
troplated to a metal wheel (which provides the grains with
a rigid support), CBN performs as a long lasting, efficient
grinding wheel with some exceptional results. These results
include more efficient material removal and theabiHty to take
deeper cuts which lead to fewer passes and reduced cycle time.
CBN grinding is also cooler than conventional grinding
thereby causing less burning and distortion of the
workpiece.V' Because of the wear resistance, one wheel can
last for hundreds of parts and dressing is never needed.

There are, however, several drawbacks to using a plated
CBN grinding wheel. CBN wheels can cost over $2,000 com-
pared with $15 or less for their Aluminum Oxide counter-
parts. Additionally, the delivery time for CBN can be several
months, Many machine tools are not capable of utilizing CBN
wheels effectively as they require increased stiffness and
power with lower feed rates, higher coolant flows, and higher
precision. (1.3.4) Another disadvantage is the inherentinflex-
ibility of a CBN wheel. Since the form cannot be altered, a
wheel can generally be used for only one specific part. If the
profile specifications change even slightly, a new wheel must
be made. A different wheel is required for every part. Clearly
then there are some applications where CBN grinding is not
economical. This article discusses the economic factors in-
volved with form gear grinding and presents a mathematical
formula specially adapted to gear grinding that incorporates
these factors. Each term in the equation is examined and the
effect of wheel selection is discussed. A computer program
is presented which can be used to compare the costs of using
CBN and convendonal wheels. Example case studies are in-
cluded to illustrate its use ..

Economic Factors for Wheel Selection
The cost to produce a part is given by the general equation:

CPR-CS+CL +CM+CT+CTC (1)(5)

10 Gear Technology

where: CPR-

es-
CL-

CM-
CT-
CTC-

Production Cost ($/part)
Setup Cost
Load/Unload Cost
Machining Cost
Tool Cost
Tool Change Cost

To modify this general equation fer gear grinding, the cost
associated with dressing the wheel is added . The modified
equation then becomes:

(2)

where: CD-

CDT-
Dressing Cost
Dressing Tool Cost

The most predominant terms in equation (2) are tool. cost
and machining cost. Too often manufacturers look only at
one or two terms and come up with a decision. For exam-
ple, one manufacturer may consider tool cost and decide that
because CBN wheels cost more than 100 times more than con-
ventional wheels, grinding with CBN is too costly ..Converse-
ly, one may look at. the machining and dressing cost and
assume that because CBN requires no dressing and can grind
a gear ina fraction of the time it takes for Aluminum Oxide,
CBN is the only choice. The fact is that there is a tradeoff
point. If production sizes are very small (such as in a job shop
or R&D department) the high cost of CBN wheels makes
that alternative an unwise decision. Where production
volume is high and part specifications will not change over
the life of the wheel, CBN will prove the more economical
process. To compare gears ground with CBN and conven-
tional wheels, all of these factors must be considered.

To compute the machine-related costs in the economic
equation, the combined machine /operator rate must be ac-
curately known. This rate translates into the actual cost of
having a machine operator in the plant (whether the machine
is producing or not). The formula is:

M- Wo *(1 + operator wage) + MT* (I + machine
Nm overhead) (3)

where: M-
Wo-
NM-

MT-

Machine/operator rate ($/hr.)
Operator wage rate
Number of machines per operator
Depreciation rate of machine tool

The operator overhead includes benefits provided by the
company, the cost of providing the working facilities and the
cost of the administrators necessary to employ the worker.
The machine overhead will include the cost of the power con-
sumed by the machine, the cost of servicing the machine and
the cost of providing the location for the machine. Machine
and operator overheads are usually given in terms of per-
cent of the respective rates. (5)

The first term in equation (2), setup cost, is the product
of the combined machine/operator rate, the number of
batches and the setup time divided by the number of parts
made on that setup, i.e.:

Cs-M " Ts* NB IN (4)



where: Ts- Setup time
NB- Number of batches
N- Number of parts

Setup time is sometimes slightly longer for d.ressable wheels
due to the time required to dress 'the initial form onto the
wheel but it can be shorter if the existi-ng wheel can be dressed
with the new fonn as the wheel need not be changed ..

load/unload cost is the machine/operator rate 'times the
time required to unload a finished part and load a new
workpiece, i.e.:

CL-M" TL

where: Tl-

(5)

Load/unload time.

This cost is the same for both CBNand conventional wheels.
Machining cost is obtained by multiplying the machine/

operator rate by the machining time, i.e.,

CM-M" TM

where: TM- machining time

(6)

As indicated before. CBN grinding is faster than conven-
tional grinding therefore, the cost is [ower.

Tool cost is computed by dividing the cost of the grinding
wheel by the number of parts. produced by the wheel. Since
a CBN wheel can only be used for a particular part. if 'the

number of parts produced is less than the life of 'the wheel.
the entire cost of the wheel must be amortized over this
number of parts. Because of the high cost of a CBN wheel,
the number of parts produced must be large enough to off-
set the wheel cost. On the other hand. conventional wheels
can be redressed for different parts, An additional cost
associated wi.th CBN wheels, but not usually considered, is
the cost associated with storing the wheel. Since CBN wheels
last very long, it is possible tha't a wheel will be used for
several years. The high cost of the wheel represents a con-
siderable inv stment and the interest lost on tha.t money must
also be add d to the cost of the wheel. Vitrified wh els on
the other hand do not last nearly as long and can be pur-
chased in small quantities as needed thus avoiding, tying up
capital over a long period of time. The equation for tool cost
is:

CT-Cw • (INT(N/Pw+l) + Ny .. ]12) / N (71

where: Cw-
Pw-
[-
Ny-

Cost of the wheel
Number of parts the wheel will produce
Interest rate
Number of years the wheel is used

The second term in the equation (7) i the investment cost
of the CBN wheel and becomes zero if conventional grinding
is done (see appendix 1 for derivation).

Tool change cost is the product of the machine / opera tor

A TOTALLY RE-ENCIN:EEREID &
R.EMANUIFAcrURED CNC GEAR

GRINDING SYs.TEM
IFEATURES:

1. PRECISION BALlSCREWS 8. UNEAIR SCALES
BOTH AXES

2. CNC INDEXER
3. CNC HOGLUND GEAR DRESSING SYSTEM·
4. CUSTOM GEAR GRINDING SUBROUTINES
5. CBN OR CREEl? FEED GRINDING CAPABILITY
6. NO HYDRAULICS-QUIET OPERATION

.oPTIONS:
A. HELICAL GRINDING
B. HOGLUND CNC IINIPROCESS INVOLUTE

INSPECTION MODULE'"
C. AUTOMATIC STOCK DIVIDING
D. INTERNAL SPINDLE ADAPTER

IREMANIUFACTURED D:ETROIT 'CNC ,GEAR 'GIRIINDE.IRS

SPECIALISTS IN GEAR GRIDING TECHNOLOGIES
Cear grinding dressers - CBN formed gear grinding wheels

Spur 8. Helical gear grinder remanufacturing, & CNC upgrading

HOGLUND TRI-ORDINATE CORP. J4J SNYDER AVE. BERKELEYIHTS. N.J. 07922 1201) 4f>4'{)200 TWX 710-984·79115

CIRCLE A.-9 ON READER REPLY CARD

"'Usling Hoglund Proprietary Gear Design software.
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rate and the total wheel change time divided by the number
of parts made, i.e ..:

CTc-M ,. Trc ,. (INT(N/Pw) ) / N (8)

where; Tc~ Tool change time

Since CBN wheels last longer than conventional wheels,
they do not require changing as often and the tool change
cost is Jess.

The dressing cost is computed as the machine/operator rate
times the time required to dress the wheel, i.e.:

(9)

where: TD- Dressing time

Finally, the dressing tool cost is computed in the same man-
ner as tool cost for conventional wheels 'except the cost is
amortized over the life of the dressing tool since the same
tool can be used on different parts.

It is given by:
~-~/~ ~

where: CDR- Cost of dressing too]

PDR - Number of parts per tool

CBN grinding can save on both dressing costs since an
electroplated wheel is not dressed.

Software Descripden & Examples
A computer program was written in BASIC which incor-

porates the above equations. The program takes as inputs
the machine/operator rate, setup time, load/unload time,
grinding time, cost of the wheel, number of parts made per
wheel and the wheel changing time. If a dressable wheel is
indicated, the dIessing time, tool cost and parts per dressing
tool are asked for. If CBN grinding is indicated, the interest
rate and number of years the wheel is used is asked for. If
an input is unknown, such as machine loperator rate or grind-
ing time, the program will prompt for additional informa-
tion (machine cost,operator wage, number of passes and
feedrate, etc.) and compute the term. Once all of the infor-
mation is input, the program calculates the cost per part as
a function of production size. The output of. the program is
the break-even point and a list of cost values suitable for plot-
ting. The program's use is best illustrated by an exam,Ple.)t
should be realized that the costs computed below are estimates
for comparison only and may not reflect actual conditions.
Often the only way to obtain true grinding times is toac-
tua1ly grind a gear ..

Example 1..
A gear is to be ground having 125 teeth and a pitch

diameter of 12.5 inches. It is in a hardened condition with
stock to be removed requiring .020 inches weed .. The face
width of the gear is 1.0 inch. The process plan for Aluminum
Oxide grinding dictates 8 roughing passes with .001 inch in-
feed at 200 ipm and 10 dress cycles. The semi-finish cycle
operates at .0075 in infeed for 2 passes at 100 iprn and 2
dresses. Two finish passes at .0025 inch infeed and SO ipm
with 1 dress f.ollowed by a sparkout pass at 50 ipm complete

1 2 Gear Technology

the gear. Adding the time required for indexing (1 second
per tooth), the grinding time comes to 72.6 minutes. The 12
dress cycles at 1 minute each require 12 minutes.

For CBN grinding the entire gear is to be finished in one
pass. To achieve this and also to obtain suitable surface finish,.
the Ieedrate will be 5 ipm. The gear will be ground unldirec-
tionally requiring 1 second to return the wheel and index.
The total time to finish the part then is 52.1 minutes which
represents a decrease in cycle time of more than 41 percent
compared to conventional grinffing. The remaining para-
meters are as follows (for additional information see appen-
dix 2):

Machine/operator rate - $6S.S/hr. (See appendix 3)

Setup time conventional
Setup time CBN
Load/unload time
Parts per wheel conventional
Parts per wheel conventional
Wheef cost conventional
Wheel cost CBN
Parts per dressing tool
Dressing tool cost
Wheel change time CBN
Wheel change time conventional
Interest rate
Number of years
N umber of batches

- 60 minutes
- 90 minutes
- 5 minutes
- 10
-500
- $15
- $2000
-500
- $600
- 15 minutes
- 20 minutes
- 12 percent
-2
- 5

The setup time for the conventional wheel is less than that
for CBN because it is assumed that the gear is being ground
on a machine ordinarily used for this size gear and the ex-
isting wheel can be used. The wheel change time for conven-
tional grinding is more than for CBN due to the time required
to dress the initial form on the wheel,

The output indicates a break-even point of 60 parts (Figure
1). If the number of parts required is less than this, grinding
should be done with a dressable wheel, above 60 parts, CBN.
The break-even point is sensitive to many factors in the cost
equation. To illustrate the effect, some of the parameters will
be varied to show how they alfect the break-even point.

$ 500

-+"-----
30 9060 ISO120

1/ of parts

Fig. 1- Example I



$1000
I

60 90
/I of parts

120 15030

Fig. 2 - Number of Batches - 10

l$lOOO

II S 500,
I

150
1- -'

30 60 90
# of Darts

120

Fig. 3-Conventional Setup Time - 90 Min.

U the number of batches is increased to 10, the break-even
point moves up to 64 gears (Pigure 2). This reflects the in-
creased cost due to 'the increased setup time for CBN.

Increasing the setup time for eonventional grinding to 90
minutes (the same as CBN) lowers the point to 56 gears
(Figure 3).

Should the grinding time for conventional increase to 90
minutes, the break-even point shifts dramatically to 41 gears.
The economic equation is extremely sensitive to grinding time
(Figure 4).

If the conventional wheel will last for 20 gears, the break
point shifts to 63 (Figure 5).

An important cost,that of storing the CBN wheel for a
long time, can be examined by increasing the number of
years. This part will be produced to five years. This causes
the break point to move to 69 gears (Figure 6).

Should the machine be used during one shift instead of two,
the machine/oper.atar rate increases to about $100/hr. This
increased expense makes the equation more sensitive to total
production time with a decrease in 'the break-even point to
42. (Figure 7)

$ 1000 ·1,
,j

$ 500

30 60 90
/I of parts

120 150

Fig. 4-Convenlional Grinding Time 90 Min.

$1000 -

I $500 ..

30 '60 90
1/ of Darts

120 L50

Fig. 5-Conventional ParIs/Wheel - 20

11000\

30 150

KEY:

60 90
1/ of parts

120

fig. 6-Number of Years - 5

CBN
CONVENTIONAL

~ BREAK EVEN POINT
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Fig. 7-Machine/Operator Rate -, 100 $/Hr.

Condusion
As illustrated in this paper, the decision to grind gears with

a conventional abrasive wheel or a plated CBN wheel should
be based on the economics of the process which is depen-
dent on several factors. Using dressablegrinding wheels is
less expensive at lower production sizes due to the lower cost
of the wheel. At higher lot sizes, CBN grinding is lower in
cost because of its shorter cycle times. This indicates the need
for both CBN and conventional grinding processes on any
machine tool used for gear grinding. However, when very
high precision that can be achieved only through real time
profile modifications and wheel truing on the grinding spin-
dle is needed, conventional grinding with dressable grinding
wheels still remains the only available process, Vllhenecono-
mics can dictate the choice, the technique presented in this
article can be used to determine the more cost-effective proc-
ess using established economic criteria. While originally
developed for form gear grinding, the technique and program
can be used equally well with other grinding and machining
processes.
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Appendix 1 - Wheel Storage Cost Calculation
Initial cost of wheel - Cw Number of years = Ny

After first year, wheel is worth Cw - Cw I Ny

Average worth of wheel during year -
ICw + (Cw - Cw I Ny)) 12

Average worth of wheel during [th year -

[{Cw - Cw (i-I) I Ny} + (Cw - Cw I Ny)]

2

Summing Ny years, interest lost on wheel is

(Cw - Cw (i-1) / Ny + (CW - Cwi/Ny)
2

i-I

Collecting terms:
Ny

¥[ 2 - 2i + :l
Ny

i-I
The value of the algebraic series - Ny

Total Cost for wheel storage - CwlNy
2

Appendix 2 - Grindmg Cycle Times
Example 1:
Conventional Vllhee]

Rough Cycle Time
= 125 teeth X 8 passes/tooth X 2 (bidir.) X 2 in .. stroke/
200 ipm

+125 indexes X 1 min / index - 22,1 min.
60

Semi-finish Cycle Time
~ 125 teeth X 2 passes X 2 X 2 inches/IOO ipm
+ 250 indexes X 1 min !index

60
- 14.2 min.

Finish + Sparkout Time
~ 125 teeth X 3 passes X 2 X 2 inches/50 ipm + 375 indexes
X 1 mini index

60

(continued on page 48)



excll.lsive-thls lntelligent.system rap.idty
and accuraliely:
1..QuantiJies singletooth-to-tooth compos-

ite error; combined pitch variation, ,c,om·
bined accumulated pitch variation,. single
flank compostte error and. other gear
tooth variations.

2..Reveals the noise potential of gear sets.
And with om system's hequency spectrum
analysis, the harmontcs and side bands of
tooth mesh frequency ca.nbe observed w let
you ,establish acceptable peak amplitudes
for various barmentes ihat means you can
be sure of a gear's noise potential before
it's assembled.

S,ingle flank testing goes digital.

When it eemes to p.inpointing the causes of
gear viJJrat10n and notse, it's-no secret that
single flank measurement :givesyou the klnd
of comprehensive data you simply can't get
with other forms of measurement, Rella'ble
informati.on about transmission error is what

reduce process errors and the ccOstlyscrap
and rework that go with It.

But the analog (graphi.cl results of
single flank testers can be tlme consum-
Ingto analy.ze-even. for an experteneed
operator, So single flank testing hasn't
always been practical for producUon
environments.

Until now.

Gleaso.n gives single
flank. testing "brains!'
With Gleason's 579' G-AGEIMAutomatic Data
Analysis System, ADAS (compa.tible with. any
G-AGE Single Flank Testerl, test results are
gener:atedCUgitally ~nd.:graph[cally to greatly

reduce data interpretation. time. Featur-
Ing the most sophisticated single flank

software available wday-a. Gleason
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SELECTION OF MA TERlAL ...
(cont.inuedfrom page 37)

Nitri:ding - The process of adding nitrogen to the surface of
a steel, usually from dissociated ammonia as the source.
Nitriding develops a very hard case after a long time at
comparatively low temperarure, without quenching,

Normalizing- The process of heating steel to a temperature
above Us transformation range, followed by air cooling,
The purpose of normalizing may be to refine grain struc-
ture prior to hardening the steel, to harden the steel
sl.ightly, or to reduce segregation in castings or forgings.

Quenching-Caaling from high temperature, usually at a
fast rate ..

Secondary Hardness- The higher hardness developed by
certain alloy steels when they arecooled from a temper-
ing operation. This should always be followed by a sec-
ond tempering operation.

Solutian Treatment - Heating an allay to high temperature
to form a solution from an aggregate.

Spheroidizing - A heat treating process used to change aU
of the carbides in steel to rounded particles, or spheroids.
A completely spheroidized structure is the softest and
most workable structure for any composition.

Tempering-Reheating quenched steel to a temperature
below the critical range, followed by any desired rate of
cooling. Tempering is done to relieve quenching stresses,
or to develop desired strength characteristics.

Work Hardness - Hardness developed in metal resulting
from cold working.

Series
Designation Types

10xx
llxx

Nonsulphurized carbon steels
Resulphurized carbon steels (free
machining)
Rephosphorizedand resulphurizedcar-
bon steels (free machining)
Manganese 1.7S %
Nickel 3 ..50%
Nickel 5 ..00%
Nickel 1.25%,. chromium 0'.65%
Nickel 3.50%, chromium 1.55%
Molybdenum 0.20 or 0.25%
Chromium 0 ..50 or 0.95%,
molybdenum 0.12 or 0.20%
Ni.ckel1.80%, chromium 0.50 or
0.80%, molybdenum 0.25%
Molybdenum 0.40%
Molybdenum 0.52%
Nickel 1.80%, molybdenum 0.25%
Nickel ..05%, chromium 0.45%,
molybdenum 0.20 or 0.35%
Nickel 3.50%, molybdenum 0.25%
Chromium 0.25, 0.40 or 0.50%

12xx

13.xx
*23xx
"25xx
31xx
33xx
40xx
41xx

43xx

44xx
45xx
46xx
47xx

48xx
50xx
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Carbon 1.00%, chromium 0.50%
Chromium 0.80, 0.90, 0,95, or 1.00%
Carbon 1.00%, chromium 1.05%
Carbon 1.00%, chromium 1.45%
Chromium 0.60, 0.80, or 0.95%,
vanadi 0.12%, 0.1.0% min., or 0.15%
min ..

800 Nickel 0.30%., chromium 0.40%,
malybdenum 0 ..12 %

86xx Nickel 0.55%,chromium 0.50%,
molybdenum 0.20%

87xx Nickel 0.55%, chromium 0.05%,
molybdenum 0.25%

88xx Nickel 0.55%,. chromium 0.50%,
molybdenum 0.35%

92xx Manganese 0.85%, silicon 2.00%,
chromium 0 or .0.35%

93xx Nickel 3.25%, chromium 1.20%,
molybdenum 0.12%

94xx Nickel 0.45%, chromium 0.40%,
molybdenum 0.12%

98xx Nickel 1..00%, chromium 0 ..80%,
molybdenum 0.25%

"Not included in the current list of standard steels.

SOxxx
Slxx
Slxxx
S2xxx
61xx
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Identification of Gear Noise
with Single Flank

Composite Measurement
R. E. Smiith

The Gleason Works
Rochester, NY

Abstract
This article was written to serve as a guide

for the application of single flank composite
inspection to the solution of gear noise prob-
lems. It includes a. discussion of the relation-
ship of transmission 'error to gear noise, hous-
ing dynamics, spectra] analysis and how it is
used in problem-solving situations. Severa]
case histories are described,

Introduction
Anyone involved in the design, manu-

facture and use of gears is concerned with
three general. characteristics relative to
their application: noise, accuracy, and
strength or surface durability, In this ar-
ticle, we will be dealing with probably
the most aggravating of the group, gear
noise.

The use and analysis of single flank
composite inspection of gears can result
in the understanding and control. of gear
noise problems. This is achieved through
the measurement of transmission error,
which is the predominant cause of gear
noise.

AlITHOR:

ROBERT SMIrn Senior Manufacturing
Technology Engineer at Gleason Machine
Division, has over thirty years experience in
the Gear Industry, Mr, Smith received his
training from Rochester Institute of
Technology. While at Gleason, Mr. Smith's
,engineering assignments have included gear
methods. manufacturing, research and gear
quality. These assignments involved the use
and application of instrumentation for the
study of noise, vibration, and structural
dynamics. From these assignments, he ar-
panded his ideas relating to gear metrology.
Currently, Mr. Smith is chairman of the
Measuring Methods ,andPracticesand Master
Gear Subcommittee in the American Gear
Manufacturers Association, and is also .a
member of the Rochester Industrial Engineer-
ing Society and Society ofExpe:rimental5t1:ess
Analysis,

Gear Noise
Gear noise comes in many types. The

successful solution of gear noise prob-
lems first requires the determination of
the type that is objectionable. What is
perceived as "gear noise" depends to a
great extent on the speed of operation.

The most typical type of gear noise oc-
curs at tooth mesh frequency or har-
monics, assuming that these frequencies
are within the audible range.

Gear noise can also occur at once per
revolution frequencies, or multiples of it.
If the RPM is high enough, these frequen-
cies will occur in the audible range. If the
RPM is relatively low, this "noise" may
be perceived as a low frequency
vibration,

Noise can also occur as a low fre-
quency modulation of the higher tooth
mesh frequency noise. This results in a
phenomenon cal1ed sidebands.

Fig. 1- below

To properly define the type of noise
that is of concern, it is usually necessary
to apply some sound analysis measure-
ments to the final. application, whether
it is a gear box, vehicle or some other
structure.

Frequency is the key to understanding
the type of gear noise, and ultimately to
deciding what corrections must be made
to the gears. Frequency analysis is done
with equipment such as 'tuneable narrow
band pass filters" or "real time analyzers".
The analysis of data from such instru-
ments will be discussed in detail later.

Transmission Error
Transmission error is the parameter

that is measured by single flank com-
posite inspection. Transmission error is
defined as the deviation of the position
of the driven gear for a given angular
position of the driving gear, from the
position that the driven gear would oc-
cupy if the gears were geometrically
perfect. (1)

It is measured on machines such as
shown in Fig. 1. Generally, these
machines use optical encoders such as the
measuring transducer. (See Fig. 2) These
encoders and associated electronics gene-
rate data as shown in Fig. 3.

Components of Transmission Error
Transmission error is normally ob-

served in the fonnof a fairly regular once
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per tooth pattern. superimposed on large
waves related to once per revolution type
errors. Noise and vibration excitation is
generally related to the once per tooth
pattern, while accuracy problems are
more generally related to the once per
revolution type patterns. The curve can
be generated by running a pair of work
gears together, or by running a work
gear with a master gear.

The total! transmission error curve is
made up of several components:

1. Total! composite (PO
2 . Tooth to tooth composite (fO
3. Long term component
4. Short term component (effective

profile]

Total Composite (F';1

The total! composite error is read from
the "raw" data as the difference between
the highest and lowest points on the
graph, within one revolution of the
largest gear. If the gears are near a 1:1
ratio. several revoludons may be neces-
sary for the errors of both gears to phase
together and show the worst case.

This type of error is important for ac-
'curacy applications and includes theef-
feet of accumulated pitch variation as
wellas a portion of profile or involute
variation. (See Fig. 4A)

Too'th To Tooth Composite (EO
The tooth to tooth composite error is

seen as the variation in transmission er-
ror at tooth mesh frequency. It is read
as the highest to lowest point in any
360" IN (where N - number of teeth) or
one angular pitch portion of the total
transmission error curve. It results from
a portion of the profile error plus the ef-
fect of individual pitch variations.

The resulting graph will be the short
term component and is most generally
related to, errors in tooth form occurring
at tooth mesh .frequencies ..(See Fig. 4C)
In most gearing, long face helicals ex-
cluded, this relates primarily to a portion
of the profile mismatch of the gear teeth
or involute error. Both the amplitude and
shape of this component are of concern
relative to noise 'excitation.

This is the parameter that is most im-
portant for analysis of gear noise
problems ..

18 Gear Technology

Deve~opment ofthe Short Term
Component

When describing the relationship of
tooth geometry to the transmission error
curve, it is best to think in terms of in-
volute spur teeth. However, the same
principles apply to helical and bevel teeth
when dealing in terms of short face
widths.

This. also, is important for accuracy

applications when small angle errors are
of concern, (See Fig. 4A)

Long Term Component
The long term. component resuJts from

drawing in the mean, or more properly,
the upper envelope curve of the total
transmission error. This can also be
achieved by recording the output of a
low pass filter with a cutoff frequency

The Hlard F,acts

Albou't Hard-Gear Finislhii'lng.
Hard-Gear Finishing is the best way to make precision gears for today's

high speed and high load applications. The problem is, grinding: hardened
gears with conventional abrasives is slow, expensive, and produces tensile
stress in the finished gear.

Electroplated Grinding Wheels by DI·COAT pit the cutting strength of
ABN 600* against all your hard-finish applications, Our 16 years of
experience in precision abrasive coating assures the finest superabrasive
wheels available - the form you need for repeatable close-tolerance parts.
Our ABN wheels even eliminate the cost of dressing.

DI-COAT leads the industry in superaerasive technology withtorm wheels,
honing tools, mandrels, and reverse-plated dressing rolls. Call today for
information on how we can meet aI/your abrasive needs.

(313)1349~1211
42900 W. 9 Mile Rdi.
Novi, IMI 48050

Member: C!> ,*)CORPORATIION
Technically Oriented
to your Superabras.ive Needs.
• ABN ·600 is a trademarkof DaBeers IndustrialDiamondDivision.
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properly selected to :reject mesh and
hjgher frequencies.

The resultin-8 long term component,

shown in Fig. 48, is equivalent to ac-
cumulated pitch variation, asswning the
gea1 was run with a perfect master. If a

pair of work gears were run together, it
would be necessaryto use various cutoff
frequencies to separate out 'the long term
component of each individual gear.

5ho,rt Term Component
The short term component (effective

profile) results from subtracting the long
term component from total, transmission
error. This can also be accomplished by
using a high pass filter 'With the cutoll f:re..
quen,cy set just below the mesh
frequency .

Profile[l)

Fig. 5 shows three typical tooth shapes
and their resulting displacement motion
curves. Each dill,erent tooth shape is
shown rolling against apedect master
gear. Visualize the motion curve starting
with the test gear 'tooth Ln contact near
the root of the master tooth. The dis-
plaoement curve generates as the' teeth
roll together and the point of contact
moves toward the tip of the master
tooth. This action repeats for each suc-
cessive pair of teeth 'coming in contact. or
Eoreach pitch. Fig. SA shows the straight
line generated by 3. perfectinvolute on
the test gear, rolling with the perfect in-
volute on a master gear. Fig. 58 shows
the parabollc-likecurve generated by a
tooth modified with gradual tip and root
relief. The zero displacement portion of
the curve occurs when the teeth are
meshing near the pitch line and the m st
negati.ve portions oecur when the teeth
are in contact near 'tip and root. Fig. sC
shows the ramp shaped curve resultin-8
from a pressure angle modification.

LnOuential Faetors On
Effective Profile

(Short Term Component)
HeUcaI 'or Bevels

Helical gears present a more compli-
cated situation. In 'theory, the line of con-
tactcovers the entire face of 'the tooth as
it rolls through mesh with the master so'
lead would have an influence on the mo-
tion curve. (See Fig. 6) However, :from
a practical standpoint, the ,tooth will
generally have some lengthwise crown-
ing. (See Fig. 7)' This results in an. instan-
taneous area of contact that will P[logress
diagonally across the profile of the tooth.
The motion curve is then dominated by
the profile shape. This would not be true
of long race helicals,

May/June 198b 19'



Per1ect or
Conjugate
Tooth Shape

;: II' """ , ''''" , PrtchI~1:4 -r ·r ~I
o
'""5
tnc
<. Angular Motion Curve

Fig. SA-Angular Motion Curve

Modified
Tooth Shape

Angular Mollon Curve

Fig.. 5B - Angular Motion Curve

Modified
Tooth Shape

I P,Ich I P,lch

Angular Motion Curve

Fig. SC- Angular Motion Curve

Fig. 6

.20 Gear technology

Lead or Tooth A!ignment(J) late the effective profile information. (See
fig .. 8) Decreased contact ratio, due to
high lead error will increase the ,effective
profile or conjugacy error, However, it
would be possible to have a large lead
error, resulting in the tooth contact be-
ing at one end of the tooth. (See Fig. 9)
H the tooth had good profile conjugacy,
the resulting single flank graph would be
a straight line. In this case, it would false-
ly indicate a good gear that might fai.lidue

Lead or tooth alignment, even on SpW'

gears, is the one element least applicable
to single flank measurement. It is impos-
sible to look at a graph from a single
flank test and quantify the amount of
lead errer in a gear .. It can, however,
have an influence on other elements of
transmission error in a gear. Lead varia-
tion around a gear (wobble) will modu-

Spiral.Bevel ~ars
Up to 100" DIameter
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'-. - 1,. I

AMARILLO GEAR COMPAINY
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P. O. Box 1789, Amarillo, Texas79105
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to strength or surface durability
considerations.

Contact Ratio
Consider a spur gear running with a

perfect master gear. The gear is designed
to have a con tad ratio of exactly one and
has curvature modification on the pro-
file. The amplitude of the short term
component of transmission error would
be equa]to the involute variation. If the
gear was redesigned to increase contact
ratio, the amplitude of the short term
component would decrease and represent
only a portion of the total involute
variation.

If weconsidered a helical gear set, the
'total. contact ratio (transverse plus face)
would increase, and the effective profile
'error (shari: term component) would
decrease even more.

However, there is a big difference be-
tween theoretical contact ratio and actual,
contact ratio. Contact ratio calculations

I I I

2 teeth13 teeth

Fig. 8

are based upon full length and full pro-
file contact. From a practical standpoint,
most gears are designed with profile
modifications and lengthwise crowning.
This is to allow for housing errors and
deflections, as well as tooth deformation
under load. If, under load, contact is car-
ried across the whole tooth, the contact
ratio calculations are valid ..However, in
many instances, the contact is still local-
ized even under operating conditions, In
this case, the real contact ratio is much
lower than the theoretical. In one helical
design studied recently ,the theoretical
contact ratio was 304, Based on actual
contact area, due to severe localization,
the real contact ratio was 1.6. Fig, 10
shows the effect of diJfer1!nt contact
ratios on the effective profile amplitude
shown in the single flank graph. There

FJg.10

is a tendency to use too much localiza-
Han on lightly loaded applications and,
therefore, increase the possibilities of
noiseexcitation,

load Effects
Most single flank inspection is done at

relatively low loads :in typical test
machines, To test at high loads, trans-
ducers must be attached to the housing
used in the application. This is time con-
suming and expensive, but can be done
in laboratory tests.

However, many applications such as
vehicle drive gears usually have noise
problems at .light drive or float condi-
tions. This correlates well to the lightly
loaded single Ilank 'testers. In this case,
a low effective profile error isa desirable
condition. The gears can also be tested
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at different positions to simulate load or
thermal deflections of the housing.

If the gears are to be used in a heavily
loaded application, then chances are that
the tooth shapes have been modified, and
that they won't run smoothly in a light.
ly loaded single flank test. In this case,
the job must be investigated experimen-
tally to decide what the desirable trans-

mission error should look like under light
loads.

Smith(4l and Mark(Sl discuss the ef-
fects of tooth deflections, modification
and transmission error to a greater
extent.

Fig. 11shows a highly loaded aircraft
gear with tip relief running at low loads
in a single flank tester. The large negative

2.2 Gear Technol'oQY

drop in the curve is the result of tip relief.
If the amount of tip relief is correct, the
curve would smooth out at operating
loads.

Housing Dynamics
Gear noise is really a system problem,

not just a gear problem. Most gearing
used for power transmission is enclosed
in a housing and, therefore, little or no
audible sound is actually heard from the
gear pair. (6) The minute vibrations
created by the gears as they move
through mesh are amplified by
resonances of structural dements. This
amplification occurs when the speed of
the gear set is such that the meshing fre-
quency, or a multiple of it, is equal to
a natural frequency of the system the
gears are mounted in,

Some structural systems are such good
amplifiers that it is nearly impossible to
make gears good enough to run quietly
in them. When this happens, the gear-
ing becomes unnecessarily expensive, At
some point, it is more productive to
modify the system and make it less
critical to gear excitation ..

This is done by making a modal study
of the structure and then applying cor-
rective measures. Modal studies can be
done by actual vibration measurements,
or theoretically, by the use of finite ele-
ment techniques. Corrective measures
may include a change in panel stiffness,
ribbing in the housing, application of
damping techniques or changing the path
of transmitted excitation. In the case of
vehicle noise, rubber isolaters or tuned
absorbers are often used. It may also be
possible to change the number of teeth
in the gears, or theoperating speed, in
order to move the mesh frequency away
from the resonant frequency. Smjth(7) is
a source of more information on this
subject.

Spectral Analysis
As mentioned earlier, frequency is the

key to understanding gear noise. Spec-
tral analysis is really better described as
frequency analysis. The analytical
system takes a time varying signal and
breaks it down into a spectrum of in-
dividual frequencies. The amplitude of
any frequency of interest is actually the
amplitude of a discrete sine wave con-
tained in the more complex time domain
waveform. This can be done with analog



instrumentation, such as variable narrow
band pass filters. Today, it is more often
done digitally by the use of "real time
analyzers" and a Fast Fourier Transform
(FFn algorithm. Most of these RTA's
will display both the time domain data
as well as, the frequency domain .. (See
Fig. 11)

Interpretation ,of Data
Analog Data

(Time Domain)
Analog data is useful for judging the

actual shape or geometry of the tooth
form. It is easy to look at the filtered
short term component (effective profile
error) and decide what corrective actions
totake on 'tooth development. It is also
useful, in the unfiltered state, for a quick
judgement of accumulated pitch varia-
tion of each gear in the pair (long term
component).

Spectral nata
(Frequency Domain)

The spectral data, on the other hand,
is useful! for identifying the characteristics
of a transmission error curve that are the
source of noise excitation. l,t takes a com-
plex analog waveform and simplifiesthe
analysis of it.

Relationshlp to' Typical Motion Curve
A look at the reladve amplitudes of the

various harmonics in a. spectrum can
sometimes he useful in judging the
characteristic wave shape. (See Fig. 12)

A lapped hypoid set of gears will often
show an "almost sinusoidal" effectiv·e
pwfile curve. The spectrum will show a
discrete peak at the 1st harmonic of
mesh, with the rest being white noise (all
frequencies) .. (See !Fig. 12A)

The most typical effective profile
CUl'Ve, for either spur and helicals or
bevels, win be of the form. that is nearly
parabolic. This w:i1I generally show
discrete peaks at Lst, 2nd, 3rd and
possibly higher harmonics. The second
harmonic will he approximately 12 Db
lower than the 1st and the 3m will be ap-
prcximetely 18 Db down. (See fig. 128)

The next most typical is the ramp
shaped curve. In this case, the second
will only be approximately 6 Db down

and the 3rd approximately 10 Db down,
from the first, This usually results from
something like a pressure angle error and
is easily recognized when the spectrum
has excessive amounts of higher har-
monic content. (See Fig. 12C)

These relationships can vary, depend-
ing upon how "pure" is the waveform.

Applying Spectral Analysis
To Noise Problems

The characteristics of the dominant
peaks displayed in any spectrum are very
useful to the solution of gear noise prob-
lems. Different types of noise problems
will relate to different characteristics.
There isn't one simple piece of informa-
tion that will relate to everyone's noise
problem.

If one looks at the analog data of the
filtered (long term component removed)
,effective profile error throughout one
revolution of the largest gear, it will be
observed that the shape and amplitude
of each tooth mesh may vary. These
geometric deviations, from that of con-
jugate gear teeth, are made up of two
components; mean and random. (8) The
mean geometric deviation component for
a pinion or gear is defined as the tooth
surface formed by taking the average of
all tooth surfaces on the pinion or gear
under consideration. The random com-
ponent of the geometric deviation of a
tooth surface is deHnedas the deviation
of that tooth surface from the mean
tooth surface. Thus, every tooth surface
on a pinion or gear has the same mean
deviation, but the random deviation

generally will differ from one tooth to the
next.

In the spectra] data, the mean compo-
nent relates to the mesh frequency and
integer harmonics. The random compo-
nent relates to sideband peaks. (See Fig.
13)

Mean component deviations of nor-
mal tooth shapes will. create spectral pat-
terns similar to those shown in Fig .. 14.
Extreme tip and root relief modifications
will look like the data in :Fig. 11.

Random component deviations can be
caused by pinion runou]. gear runout,
and cydicdistortions of tooth profile
forms due to heat treatment, The results
of these deviations can be seen on the
spectrum as sidebands .. Sidebands will
occur at the mesh fr~quency,. plus and
minus the frequency of the event pass-
ing through mesh. They could also oc-
cur at plus and minus the event fre-
quency, from other harmonics of mesh.
(See Fig.. 13)

Other frequencies that are important
are sometimes called "ghost" or phantom
frequencies. These will be found in the
spectrum between integer harmonics of
mesh or runout frequencies. They also
can. occur as unusually high amplitudes
of an individual. integer harmonic. (See
Fig. 13)

Chost harmonics are generally due to
flats or Facets onthe normal tooth form
and are caused by such things as cutter
runout or non-uniform motion of an eIe-
mentwithin the gear train of the machine
that generated the tooth form. This could
he caused by tooth to tooth transmission
error of the "final drive gears" or runout

TECHNICAL CALENDAR
May 10·]4, 1986 AGMA Annual Meeting

The Breakers
West Palm BeachPl,

October 5-8. 1986 AGMA Fall Technical Conference & Gearing Exhibit
Chicago, .IL

AGMA's Fall Technical Meeting will provide a forum for discussion of the
design and manufacture of gears, flexible couplings and mechanical power
transmission products. This year an exhibition w.ill be added to demonstrate
and review of state of the art technology in gear generating machinery, gear
design hardware and software, as well as other products of u e to the industry.

For further information contact:
Rich Norment or Wendy Allen (703) 684-0211.
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Fig. 14

of other gears or shafts within the drive
train.

This is evident from the content of
higher harmonic amplitudes.

2. NOISE-THERMAL DEFLECTION.
This case i]lustrates an unusual situa-
tion .. They are hypoid gears used in
a rear axle, but the housing is made
of aluminum, Tests were run on a
good set and a reject set. Both sets
looked good at the build position.
However, it had been previously
determined that the pinion moved
plus .004" on pinion cone, at the
elevated operating temperature .. It
was shown that the reject pair got

Case Histories
The following case histories are in-

cluded to illustrate some of the points
discussed above.
1. TYPICAL REAR AXLE NOISE. Hg.,

15 shows a set of lapped hypoid rear
axle gears. They show the typical
parabolic shaped effective profile er-
ror, but of an excessive amplitude
(.00035· ). They were rejected in the
vehicle for several "noise periods:'.

26 Gear Technology

worse at the thermaUy deflected posi-
tion, but the good set actually im-
proved, (See Fig. 16)

3. NOISE-CONJUGACY VS. ACCUR·
ACY. fig. 17 is used to illustrate the
fact that accuracy isn't necessary for
noise control. It shows a lapped
hypoid pair of gears with a relatively
largetotal transmission error from ac-
cumulated pitch and bolt hole distor-
tions, but with a very low tooth to
tooth transmission error (less than
.0001 H). This was a quiet pair in the
axle. The other pair was an experi-
mental ground pair with very lew
total transmission error, but with a
very regular high tooth to tooth er-
ror (.0002"). Th.is pair was noisy in
the vehicle at 1st and 4th harmonics
of mesh frequency. It had a small
amplitude of waviness superimposed
en the tooth to tooth waveform that
caused the 4th harmonic ghest noise,
In this case, the vehicle was a van
type, which is typi.cally sensitive to
excitation due to structural dynamics.

4. PREGSION GROUND HELICAL
GEARS. A first lock at the analog
graphs (Fig. l8A and 18B) of these
two sets might lead to the wrong con-
clusion. Spectra] analysis, however,
points out that the first set (Fig. 18A)
is very conjugate (harilly any discern-
able peaks in the data). The spectrum
of the second set (Fig .. 18B) shows a
high 2nd harmonic relative to the Ist,
Remember, that these measurements
are of angular displacement. If the
data were double differentiated, it
would represent angular acceleration
which is proportional to force and
would be more indicative of noise
potential. The acceleration goes up by
the square of the frequency. This high
2nd harmonic was difficult to identify
by interpretation of the involute
charts, but is easily discernable by
single flank measurement.

S. GROUND AIRCRAFT SPUR
GEARS-HIGH RPM. Although the
major concern is not noise, because
of high altitudeoperation, 'the gear
producer was experiencing dynamic
loading conditions that were ex-
cessive. Strain gaged data had shown
this. The single flank tests, especially
the spectral data, readily showed a
high 2nd harmonic of mesh amplitude
that coincided with their strain gage
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data. Again, it had been dlfficuH to
find the problem with elemental tests
such as involute checks (Fig. 19)'.

6.. GHOST NOISE .. Fig .. 20 shows data
taken from an internal helical used in
the transaxle of a front wheel drive
vehicle. Sound tests of an operating
vehicle had detected "ghost" noise at
the 1.7th harmonic of gear mesh. The
gear had been marked with the
number of the gear shaper that pro-
duced it. Further tests found other
gears from the same shaper as well as
others with the same problem. A
series ,of gears were 'cut, one from
each shaper using the sam , ,cutting
teol and workholding ,equipment.,
They were all single flank tested with
a master gear and the spectral data
was checked for existence of this
"ghost" harmonic. The oUending
machines were identified from the
single flank data. A second "ghost"

Figure 16 - below
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harmonic was also found at the 2..7th
harmonic.

An analysis of the gear train in the
shaper showed that the 1.7th har-
monic was from the tooth mesh fre-
quency of the table drive worm and
wheel. and the 2.7th harmonic was
£rom the tooth mesh frequency of the
cutter driveworm and wheel.
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Conclusions

Gear noise is a very complex subject.
as can be seen in this information. This
article does not pretend to cover all
aspects of H. However, it is hoped that
it will help the users of single flank equip-
ment bring gear manufacturing out 'of the
state of being a "black art."

.Fig.. 20
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Selection of Material and Compatible
Heat Treatments for Gearing

L Skip Jones
Lindberg Heat Treating; Co.

St.. Louis, MO

lntroducjtion
The manufacturing process to produce a gear essentially

consists of; material selection, blank preshaping, tooth shap-
ing •.heat treatment, and final shaping. Only by carefuUy in-
tegrating of the various operations into a complete manufac-
turing system can an opt:imum gear be obtained. The final
application of the gear will determirte what strength
characteristics will be required which subsequently determine
the material. and heat treatments, The foU~.wing discussion
wiU encompass the various heat treating procedures and will
establish some basic guidelines for selection of the proper
materials and process.

In general, the most common material used in gear
manufacturing is steel. This type of gearing IlsuaUy carries
appreciable loads and the majority requires some type of
subsequent heattreatment. GeaI"Sthat are moderately loaded
or where size and weight are of Httle consideration can be
made of high quality cast iron. Gearing for special applica-
tions such as; corrosion resistance,el.ectr:icalor magnetic
properties, etc. will use a stainless steel, brass, bronze, plastic
or phenolic materials.

Therefore, since the largest percentage of gears are made
of steel, it seems applicable to concentrate this discussion on
the selection of ferrous heat treatments and its application
to gears.

The exploration of some definitions of heat treating
processes from :the fundamental and practical viewpoints wilJ
be expanded upon. fundamentally, the phenomonen of heat
treatment is the application of a controlled heating and cool-
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ins cycle to alter the material's physical properties to a desired
characteristic. The material maybe altered into a very soft,
ductile state or on. the other hand to a very hard, wear-
resistance condition.

Selection Criteria
The choice ofa proper material. for a spedfic gear applica-

tion is a very complex selection. The considerations of
chemical. composition, mechanical properties, processing
attributes, and cost must all.be included to make a final deter-
mination of the type of material. to be used. To aid in this
decision making process the final desired strength character-
istics should be examined. Table I summarizes types of
materials, various heat 'treatments, hardnesses rendered, and
endurance limits as related to gear bending and contact
stresses, As can be seen, case hardening heat treatments (car-
burizing, nitriding, or carbo~nitriding) render relatively high
contract stresses and yield excellent bending strengths. This
can be expanded upon if the geometry of a gear tooth is eX5

amined, Case hardening precesses depend upon. diffusion and
therefore, where the high load bearing area or at the pitchline.
the diffusion will go straight in. However, in the root area
the diHusionwill be outward and will result in somewhat
less case than the pitchJine thus increasing its bending
capacity. It should be noted that the top of the tooth will
have the heaviest case because the diffusion is inward.

In reviewing Table I, the harden and tempered materials,
depending on the treatment, contact stresses in the range'
95000 psi to 190000 psi. and bending stresses of 13500 psi to
25000 psi, respectively can be obtained. It should be noted
that the category or flame or induction hardening assumes
the root area is not hardened for calculation and illustration
purposes. However, in fact. these processes are selective
hardening procedures and any desired hardness pattern can
be achieved.

As pointed out earlier, there are many gears made of case
iron, and heat treated to respected properties ..In Table II the
various types of cast irons, preliminary treatments, respected
hardness ranges, types of applications, and secondary heat
treatments are outlined, The important fact to remember is
that the final hardnesses obtained are dependent on
preliminary heat treatments and actual chem:istries and result-
ant as-cast microstructures.

To further expand the selection criteria, it is important to'
have a perspective of what each type ol treatment outlined
in Table] costs ..Because each gear design will require some
'type of special handling, and the fact of volume of produc-



Steels. Heat Treatment, Endurance Limits

TABLEt

I

MINI.MUM
MATERIALS HARDNESS ENDURANCE LIM.

1 BEND CONTACT
TYPE AISI, CODE HEAT TREATMENT BHN Rc psi. P~l.

10- 45-
low- 11- 46- 614 60 30000 250000

carbon 15- 48-
Isteel 25- 50-

.30% 33- 61- carburized

I

41- 86- 547 55 27500 200000
43- 87-
44- 93-

,

11- 1'0-

I

mild- 41- 87- name
carbon 43- 92- induction

steel 46- 98- harden 484 50 13500 190000
.3%.6% 61- (unharden root. fillet)

mild- harden 440 45 25000 190000
carbon (see above) and

steel temper 300 33 19000 135000
.3% .6%

I I
180 (8) 13500 95000

mild- 41-
carbon 43- nitrided

steel 46- (300BHN core) 614 60 22000 160000....--_._- -- -,----
spec, 64-

nitride nirralley 125, I

steel 135. N. EZ I

-'--- - 200- ---- nitrided
stain- (250 BH N core)

I

484 ,50 20500 130000
less 300 (malcolmize)
steel 400

low-
carbon

steel, (carburizing carbo-nitride 614 60 26200 1'90000
grades)

tion will determ.in.e greatly on the actual cost, a rating system
for basic cost understanding seems appropriate.

Table Ill, below, takes the five processes and rateseach
on a scale of 1 to, 5, where 1 is less expensiveand 5 is the
most expensive ..

It should be noted, Table 1lI assumes that the processes class
l-Ivare a batch-type process and class V processes are labor
intensive for low volume production.

To aid in the understanding .of specific details of the various
processes mentioned, the appendix. includes a glossary .of
metallurgical terms and a summary of the series designations
.of the type of steels mentioned.

Hardening and Tempering
Gears made of steel can be hardened by the simple expe-

dient of heating to above the critical temperature (AC3
transformation) holding leng enough to insure the attainment

of uniform temperature and solution .of carbon in 'the
austenite, and then cooling rapidly (quenching). Complete
hardening depends on cooling so rapidly that the austenite.
which otherwise would decompose on slow cooling, is main-
tamed to relatively low temperatures. When this is ac-
complished, the austenite transforms 'to martensite on cool-
ing through the Ms-Mf range. Rapid cooling is necessary only
to the extent of lowering thetemperature of the steel to well
below any upper critical transformation points. Once this has
been accomplished, slow cooling born then on can be
employed to aid in avoiding excessive distortion or crack-
ing ..As quenched, the steel ina martensitic state is quite brittle
and is rarely used without subsequent tempering. 'Iemper-
ing is the process of reheating hardened (martensltfc) steels
to some temperature below the lower critical. The 'temper-
ing temperature depends upon the desired properties and the
purpose for which the gear is to be used. If considerable hard-
ness is necessary. the tempering temperature should be [ow;
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TABLE U

CAST mRONS & RESPECTED HEAT TREATMENTS

I "'SELECTIVE
CLASS OR HEAT Hdn. HEAT Hdn,.

I
TYPE GRADE TREATMENT (BHN) APPLICATIONS TREATMENT ( )

I Malleable M3210 Air quench 156 Transmission Nitride 50
M4504 Temper gears, Crank- Flame tIron I M5003 241 ..,!.h<ift~ctio!!!. __ Ind IJctl.2.n___ 60~-~~---- ------- ---
M5503 I Liquid 187 High Strength Flame 50
M7003 quench wear resist Induction ,
M8501 I temper 302 I Gears 60

: I TubeGray 30 meehanire Normalized deter- Medium gear Flame 50
& 40 Gunite mined blanks - Induction tWhite SO Ermalite I by Large gear
Iron 60 Ferro- strength blanks 60

I steel Proper-
I

Guniron ties ,

II
I I IAs per

Duccile 80-55-06 Normalized TS ¥s Gears, Pinions Flame 50
(Nodular) Induction tIron 120-90-02 Quench & As per

I

;

Temper Ts Ys 60D-7003 Normalized 241/302
DQ & T Quench & Specified

I I Temper Range
i

I.' The surface hardness results obtained in selective hardening are dependent on preliminary heat,
treatments and actual chemistries of the castings ..

if considerable toughness is required, the tempering
temperature should be high,

TABLE m
,PROCESS AND COST CLASS

Cost
Class Process

, Harden & Temper (preliminary treatmentsI included)

II Carburizing

UI Carbo-ni triding

IV Nitriding

V Selective Hardening (Flame, Induction,
Electron Beam, Laser)

The maximum hardness that can be obtained incompletely
hardened low alloy and plain carbon structural steels depends
primarily on the carbon content. The relationship of max-
imum hardness to carbon content is shown in Fig. 1. As can
be seen, the limitations of this process will restrict the final
combination of physical properties that can be achieved (See
Table] for steel designations and respective properties). Nor-
mally the hardening and tempering procedures are limited
to steels with greater than .35% carbon contents for gearing
applications.
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Case-Hardening
Case hardening is a process of hardening a ferrous alloy

so that the surface layer or case is made substantially harder
than the interior or core. The chemical composition of the
surface layer is altered during the treatment by the addition
of carbon, nitrogen, or both. The case depths obtained can
be designated in two distinctive ways; (1) Total Case Depth
is the approximate total depth of carbon or nitrogen penetra-
tion, (2) Effective Case Depth relates to depth below the sur-
face at whicha specified hardness, or carbon, or nitrogen
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content occurs (generally a specified effective hardness is SO
Rockwen "C").

a) Caiburi~g -
Ca:rburizing is a process that introduces carbon into a solid

ferrous alloy by heating the metal. in contact with acar-
bonaeeous atmosphere to a temperature above the Ac of the
steel and holding at that temperature. The depth of penetra-
tion of carbon is dependent on temperature. time at temp-
erature, and the composition of the carburizing agent. The
operating temperatures range from lS00"F to lSOODF, and
the time of the cycle r:~nge from minimum of 1 hour to 30
hours to develop .OlO"to .120" of totalcase depth. Theac-
tual cyclewiH depend on the parts characteristics and type
of furnace equipment used. After carburizing, the steel will
have a high carbon case (gre.ater than .80% but less than
1.10 %) graduating into the low-carbon core.

The graphs 1, 2., and 3 can be used for design aids when
specifying a case depth for a specific gear. Note that Craph
1 referenoes bevel gear diametral pitch versus total case depth
to achieve overall. strength characteristics. Whereas, Graphs
2 & 3. are more general for all types of gearing (both parallel
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axis and bevel) referencing the effective case depth to
minimize case crushing and pitting.

A variety of heat treatments may be used subsequent to
carburizing, but aU 'of them involve quenching the gear to
harden the carburized surface layer, The most simple treat-
ment consists of quenching steel directly from the carburiz-
ing cycle; this treatment hardens both the case and core.
Another simple treatment, and perhaps the one most ire-
quently used, consists of slow cooling from tl1ecarburizing
cycle, reheating to above the AC3 of the case and quenching;
this treatment hardens the case only. A more complex treat-
ment is to double quench first from above ACJ of the core
and then from above the AC3 of case; this treatment refines
the core and hardens the case. The plain carbon steels are
almost always quenched in water or brine; the alloy steels
are usually quenched in oil or equivalent synethic solutions.
Although tempering, follOWing ha.rdening of carburized steel
is somet.imes orruttedra low-temperature tempering treatment
at about 300"F is a good practice, Also is the dimensionall
stability, or a sub-zero exposure application is required, a
eyrogeruc cycle of 1500P should be implemented to assure
full austenitic transformation, and a low temperature temper
should foUow.

Because of the complex design of gear, it maybe desirable
to carburize only certain areas, This can. be accomplished by
covering the surface with a media that prevents the passage
of ,carburizing agent. This can be effectively done by copper
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Heat Treating
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plating, or there are several proprietary solutions or pastes
that can cover the area to remain soft after catburizing and
hardening. It is also possible to design the part with a false
section trucker than the case depth and have it machinedoff
before hardening, to guarantee an area to' be seft. Table III
summarizes the various carburizmg grades of steels and their
respected processing cycles.

b) Nitriding -
The nitriding process consists of the subjecting machined

and p.reheat treated steel gears (core properties), to the ac-
tion of a njtrogenous medium, usually ammonia gas, at a
temperature of about 950°F to l050"F to form a very hard
surface .,The surfaee-hardenlng effect is due to the absorp-
tion of nitrogen and subsequent heat treatment of the steel
is unnecessary. The time required is relatively long,. norm-
ally being one ItOItwo days. The case (total), even after 'two
days of nitriding, is generally less than .020 inch and the
highest hardness exists in surface layers to' a depth of only
a few thousandths oE an inch.

SpOOa] Iow-alloysteels have been developed for nitriding.
I(SeeTable I) These steels contain elements that readily com-
bine with nitrogen to form nitrides, the most. favorable being
amuminum, chromium, and vana.dium. The carbon contents
are usually between .20% to .50%, although In some in-
stances higher carbon contents are used where higher core
hardness are .l'equi,f1!.d.Stainless Steels also can be nitrided.
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Because nit:riding is carried out at a relatively low
temperature, it is advantageous to use hardened. quenched
and tempered steel. as the vase material. Note, thee'steel should
be tempered at a temperature higher than thenitridmg
temperature to assure no al~erat:ion of the established core
properties. The resultant nitrided gear will have a strong,
tough core withan intensely hard wear resisting case, usually
much harder than what can be obtained by quench harden-
ing caeburize gears.

As in carburizing, selected areas can. be stopped off to
n:itriding by tin, copper, bronze plating, or by the applica-
tion of certain proprietary paints.

c) Ca.rbonJtriding -
Carbonitriding, also termed gas cyaniding, dry cyaniding,

and n:itrocarburizing is a process for case hardening a gear
in a gas-carburiztngatmcsphere that contains ammonia in
controlled percentages. A hard, superficial case can be
obtained with Introductionof nitrogen and carbon into the
surface [ayers of the steel The process is carried on above
the Ac] temperatuJle of the steel, and is practical up to
1700D.F. The maximum case depth is rare~y more than about
.0.30 inch and the average depth is conSiderably less. Quench-
ing in oil iS5wfidentJy E.asttoattain. maximum surface hard-
ness; this moderate rate ·01 cooling tend to minimizedister-
tion. The process is applicable for plain carbon steels when
higher hardness and distortion control is desirable. Also, for
applications where the case is expected to highly abrasive
wear condjtio·ns.

The same stop off procedures for selective carburizing or
nitridingarle applicable. In Schematic A, Ithe graphs show
the effect of carburizing, carbonitriding and nitridin-,g of an
41xx series alloy steel and the comparable hardness gradients
obtained.
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d) Case Hardening Distortions -
Distortion is always a problem in all heat treating

precesses.end its reduction orelimination is a, very impor-
tant factor in 'the manufacture of precision gears. There are
two types ,of distortions whichocCW' in gears. One is body
distortion, which for gears is gauged in terms of out of round,
out O'fflat, or runout, The second is the change of tooth slope
or contact pattern,

In carburizing 'the distortion is the greatest because of the
high volumetricehanges that occur and severity of the
quenching media used, Part fixturlng in the heating cycle,
quenching media cooling rate control, and controlled
reheating and quenching can be implemented to aid in con-
trol distortions. Another alternative is mechanical die quench-
ing to round up and flatten the hot plastic gear. The change
in tooth shape is minimized by control of the variables which
cause these changes, These variables are grain directionally,
pre-treaenents prior tocarburizing materials hardenability,
case depth and carbon control. If all of these variables are
dosing controlled, unifonn results can be obtained and minor
manufacturing changes can compensate for what distortion
that does occur.

Because nitridmg is a relatively low temperature process
and warpage is nota problem. However, the surface of the
steel will increase slightly in size during this treatment.
Allowance can be made fo·r the growth in 'the finished gear.

In caJ"boni.triding the distortions are less than ,earbu..rizing
because of the relatively somewhat less case depth and
severity of the quench for equivalent hardnesses, -

Selective Surface Karderung
It is &equently desir,able to harden only the surface of fer-

rous alloys without alt.ering the chemical composition of Ithe
surface layers .. If a. steel has sufficient carbon to respond to
hardening, it is possible to harden the surface layers only by
very rapid heating for a. short period, thus 'conditioning the
surface for hardening by quenching. The desirable charac-
teristic is that the only distortion that is contended with, :is
within the hardened area ..Anytype 01 hardenable steel 'can
be selectively surface hardened, F·or bestresul'ts, the carbon
content should beat least .0.35 %, the usual range being, 10.40%
to 0..60%. Cast Ir-ons also can be surface hardening. (See
Tables I and U) Since selective surface hardening has no' eHect
on the core, it is absolutely essential Ithat required. core
strength be established. and a desirable microslructureth..at
will respond in the short time duration be ,obtained].

a) Induction Hardening -
In Induction hardening, a high-frequency current [5, passed

through a coil surrounding the gear, the mechanism of elec-
tromagnetic induction is used forneating the surface. The
depth to which the heated zone extends depends en the fre.
quem:y of the current, and on the duration of the heating,
cycle. The proper heating cycle is surprisingly brief. usuany
a matter of a few seconds or mi!nutes. -The selective hardness
pattern is accomplished by suitable design of the coils or in-
ductor blocks, The gear is immediat,ely quenched ei'ther by
inline spray systems, or submer:ged tanks, Precise methods
for controllingthe operatlon, tna.t is, rate of ,energy input,
duration of heating, and rate of cooling, are nKeSS<lry. The
ma.crograph, in. Fig. 1, illustra:t'es the hardening pattern of a
fine pitch gear. -

Induction hardening 'equipment usuaUy incorpor,aI"es all of
the above controls into an. automatic operation: That is why
the process lends itself ,economi.cally to high volume work
instead of small piece lots,

b) Flame Hardening -
Gears in larger sizes are usually flame hardened. Flame

hardening is a process 'of using gas flames to impinge directly
on the selected surface and heat to a suitable temperature
before direct quenching. The rate of heating is vezyrapid,
although not as fast as induction hardening. The flame
hardening of gears will require some special fixtures or ,equip-
ment to hold the burners in the proper location and the con-
trol 0.£ the heat pattern may be someWhat variable. This proc-
ess is labor intensive and is not practical for high volum.e
production.
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fig. 2- (Ph olograph reduced, original si:re4., diameter 4 % Nital Etch.)

New Technology
and Spedatl~PUfPOse Tr-eatments

a) Special-PUrpose Treatments -
The use of Iowtemperature carbo-nitriding processes (less

than 1200oF) have proved beneficia] to certain gear applica-
tions requiring high-cycle-low load fatigue characteristics. The
processes commercially available are called Tufftride, Lin-
dur, and Melonite .. Each render a very shallow high wear
resistant compound zone [less than .001") with a total diffu-
sion of approximately .030-.. Because of the very low
temperature the distortiona become minimal

b) New Technology -
In the field of selective gear hardening the use of electron

beams and lasers have been successfully used to localize, heat
the gear tooth in special applications ..The state of the art has
not rendered itseH to' the commercial field at the present time.

A relatively new technology, that used physical vapor
deposition applied to a nitrlded layer, termed Icn-nitridlng,
has become commercially available. The advantages of this
,type of nitriding are; ener:gy consumption, shortening of
cycles as compared to conventional nitridin.g.and the ease
of shielding for selective nitriding. The disadvantages are;
relatively costly equipment. and very complex and integrated
controls,

Summary
The background material covered here and. the interactions

described will hopefuIDI.yallow the reader to. do some of his
own "gear manufacturing system analysis." For instance, the
manufacturing engineer should be able to. refer to Table 1 or
n and pick a compatible heat treating process for desired
strength characteristics. Thenelimmate the processes that
inter-relate from the standpoint of cost and distortion restric-
tions. With this information he should be able to. pick a series
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of materials that are compatible to the heat teatment and fur-
ther his analysis into other processing attributes for the most
desirable material for the gear application ..

Obviously, there are many combinations and permutations
af the various components of gear manufacturing. Hopefully,
it has been shownthar the heattreatment process and material
selection must be approached in its entirety in order to be
optimized.

.Append.ix

Glossary ,of Metallurgical Terms
Aging - Aging is a structural change, usually by precipita-

lion, that occurs in some alloys after a preliminary heat
treatment or GOldworking operation ..Aging may take place
in some alloys at room temperature in moderate time (days)
or in others, may be done in shorter time at furnace
temperatures. Over-aging may be done at at temperature
above normal to produce some desirable modification of
physical properties.

Air HardeniQg Stetil- An a110y steel which will form marten-
site and develop a high hardness when cooled in air from
its proper hardening temperature.

Aluminizin,g - Forming a corrosion and oxidation-resistant
coating ona metal by coating withaluminum and usually
diffusing to form an a.luminum~rich alloy.

.A_nnealin..g- A very general term. describing the heating of
metal to a suitable temperature, holding for a suitable time,
and cooling at a suitable rate to accomplish the objective
of the treatment Annealing may done to:
A. Relieve stresses
B. Induce softness
C. Improve physical, electrical, or magnetic properties
D. Improve machinability
E. Refine thecrystaHine structure
F. Remove gases
G. Produce a specific microstructure

A'tmosphere -- The gaseous environment in which the metal
being treated is heated for processing. Atmospheres a...re
used to protect from chemical change or toalter Ithe sur-
face chemistry of steel ,through the addition or removal of
carbon, nitrogen, hydrogen. and oxygen and to add cer-
tain metallic elements as chromium, silicon, sulphur, etc.

Aust,empering - A heat treating operation in which austenite
is quenched to and held at a constant temperature (usually
between 450"F and8000P) until transformation to bainite
is complete. In some steels a:t certain hardness levels, bainite
is tougher than quenched and tempered structures.

.Austenite - Austenite is the name given any solid solution
in which gamma iron is the solvent, Austenite is a struc-
ture name and means nothLng as to composition. Austenite
is the structure from which all quenching heat treatments
must start.

.AusteniUzing Temperature - The temperature at which steel
is substantially aU austenite.



Bainite - The product formed when austenite transforms be-
tween 450DP and 900DE Bainite is an acicular aggregate
of ferrite and carbide and varies in hardness between Rc
30 and Rc 55.

Banded Structure - A layering effect that is sometimes
developed during the hot rolling of steel.

Bark. - An. older term used to describe the decarburized skin
that develops on steel bars heated in a non-protective
atmosphere.

B.ri:ght Annealing-Annealing work in a protective at-
mosphere so that there is no discoloration as the result of
heating. In some atmospheres oxides may be reduced.

Brittle Temperiag Range - Some hardened steels show an in-
crease in brittleness when tempered in the range of about
4500P to 7000Peven though some tempering causes some
softening.

Ca:rborutriding - A heat treatment for steel which adds car-
bon and nitrogen from an atmosphere rich in such
elements.

Carbon Steel- Steel.which is essentially iron plus carbon with
no intentionally added alloy. Also known as ordinary steel,
straight carbon steel, or plain carbon steel.

Carburizing - Adding carbon to the surface of steel by heating
it in contact with carbon-rich solids, liquids or gases.

Case - The surface layer of a steel whose composition has
been changed by the addition of carbon, nitrogen,
chromium, or other material at high temperature.

Case Hardening-A heat treatment in which the surface layer
of a steel is made substantially harder than the interior by
altering its composition.

Cementite - The common name for iron carbide, FeJC, the
chemical combination of iron and carbon.

Cold Wor.king-Plastic deformation of a metal at a
temperature low enough so that recrystallization does not
occur during cooling.

Core - The interior part of a steel whose composition has
not been changed in a case hardening operation.

Critical Po,int-A temperature point at which a structure
change either starts, is completed, or both when a material
is being heated or cooled.

Critical Range - The temperature range between an upper
and lower critical point for given material ..

Decarburiziing - The process (usually unintentional) of
removing carbon from the surface of a steel, usually at
high temperature, when in contact with certain types of
atmosphere.

Dissociation - The chemical breakdown of a compound into
simpler compounds or elements. One of the most com-
mon examples is the dissociation of ammonia (NHJ) into
nitrogen and hydrogen ..

Draw - The common term used interchangeably with
Tempering.

Fatigue - Failure by progressive fracture caused by repeated
applications or reversals of stress.

Ferrite- Ferrite is the name given any solid solution in which

alpha iron is the solvent. ferrite is strictly a structure name
and means nothing as to composition.

Flame Hardening-A process consisting of heating a desired
area, usually localized, with an oxyacetylene torch or
other type of high temperature flame and then quenching
to produce a desired hardness.

Grain Growth - Growth of some grains at the expense of
others, resulting in an overall increase in average grain
size.

Hardenabllity - The fundamental characteristic of a steel
which determines the ease or preventing the transforma-
tion of austenite to anything else but martensite during
the quench,

Homogenizing - An annealing treatment at fairly high
temperature designed to eliminate or reduce chemical
segregation.

Hydrogen Embrittlement - The brittleness induced in steel
by the absorption of hydrogen, most commonly from a
pickling or plating operation.

Inclusions - Part ides of impurities (usually oxides,
sulphides, silicates and such) which separate from the
liquid steel and are mechanically held during solidifica-
tion. In some grades of steel, inclusions <lisemade inten-
tionally high to aid machinability.

Induction Hardening-A form of hardening in which the
heating is done by induced electrical current.

Interru.pted Quench-Stopping thecooHng cycle ata
predetermined temperature and holdi.ngat this
temperature for a specific time before cooling to room
temperature. Usually done to minimize the likelihood of
cracking, or to produce a particular structure in the part

Isothermal Treatment-A type of treatment in which a part
is quenched rapidly down to a given temperature, then.
held at that temperature until all transformation is
complete.

Martempering or Marquenchlng - Martemperi:ng is a form.
of interrupted quenching in which the steel. is quenched
rapidly from its hardening temperature to about 450°F,
held at 4500P until the temperatuare is uniform, then
cooled in air to room temperature ..Actual hardening does
not occur until the air cooling starts and is accomplished
with a minimum temperature differential. Martempering
is indicated for low to medium alloy steels when distor-
tion may be a problem.

Martensite - The very hard transformation product which
forms austenite when a steel is quenched and cooled below
about 4S0°F. Technically, martensite can be considered
to be a supersaturated solution of carbon in tetragonal
(distorted cubic) iron. Under the microscope it appear"
as an acicular or needlelike structure. Hardness of marten-
site will vary from Rc 30 to Rc 68 depending on the car-
bon content.

Microstructure - The structure of a metal as revealed at high
magnification, usually a.t 100x and higher.

(continued on page 16)
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Involute Gear Teeth
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Springfield, VT

It has previously been demonstrated that one gear of an
interchangeable series will rotate with another gear of the
same series with proper tootha.ction. IIis, thereforeevident
,that a tooth curve driven in unison with a mating blank, will
"generate" in the latter the proper tooth curve to mesh with
itself. Similarly, a gear, which is made up of a series of tooth
curves, is capable of "generating" in a blank a corresponding
series of tooth curves, suitable for meshing with itself. This
method of tooth "generation" is known as the "molding-
generating" process, which will be more fully explained in
the following pages,

The "MoMing-Generating" Process
It is, therefore, evident that if one gear is provided with

suitable cutting clearances on the teeth and is hardened, it
can be used as a generating tool, If this tool is rotated in the
correct ratio with a gear blank, and at the same time is
reciprocated, it wiU generate teeth in the blank suitable for
meshing with itself, or with another gear of a corresponding
series. This, basically, is the principle upon which the Gear
Shaper operates, as is indicated diagrammatically in Fig. 1.

The Gear Shaper Cutter
Pig. 2 shows a Gear Shaper cutter designed for cutting spur

gear teeth. It will be noted that cutting clearances are pro-
vided both on the ends and sides of the teeth. It has theap-
pearance of, but is not a bevel gear; the reason being that
the sides of the teeth ar-e developed, or ground from a com-
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Fig. 1- Diagram Illustrating That the Gear Shaper Employs the "Molding-
Generating" Process for Cutting Gears.

mon base circle, so that the involute profile extends along
the whole length of the tooth from the front face to the back
of the cutter. The teeth are simply thinner at the back than
at the front or cutting face. They are shortened to corres-
pond with the reduction in thickness, by beveling the out-
side diameter of the cutter. This enables the cutter to cut the
required width of tooth space as the cutter teethare reduced
in thickness by repeated resharpening, As the cutter is ground

Fig. 2- The Gear Shaper Cutter for Cutting Spur Gears, Showing That It
Has Cutting Clearances, but Does Not Change in Shape as It Is Ground Back
by Re-sharpening.



Fig. J - Diagram Showing a New Gear Shaper Cutter in Mesh with a Gear,
arid the Same Cutt,er after Repeated. Re-sharpening in Correct Mesh with
the Same Gear.

back, thus thinning the teeth, the center distance between cut-
ter and work is decreased.

This condition is illustrated in Fig. 3. Here at Aa "new"
cutter is shown in mesh with a gear, the teeth of which have
been generated by the cutter. At B, the same cutter, is shown
in mesh with the same gear, but the teeth on the cutter have
been reduced in thickness by repeated resharpening. The only
change in these two iUustratioJu is in the center distance of
cutter and gear. Since the base circle of the cutter has not
been changed by reducing the thickness of the teeth, it will,
of course, produce teeth of the same shape as before ..

Generating flank and. fiDei
That. portion. of a gear tooth lying inside the base circle

from which the involute is developed is of non-involute shape.
How this shape is produced by the Gear Shapercuue~ is
shown in Fig. 4. In the tooth space to the right of the illustra-
tion are shown the successive positions taken by the cutter
tooth as it "rolls" into the tooth space. The cutter teeth, of
course, are longer than the gear teeth, so as to provide the
necessary clearance at the bottom of the tooth spaces for the

fig. 11- Diagram Illustrating the Ceneranng Action of the Fellows Gear Shaper
Cutter, Showing How the Involute Portion, Flank and Fillet of the Teeth
Are Produced.

GEAR SHAPEF! CUTTER
I

BA'~~ CIf\CI.[ PITCH CIFlCL[

I
GEAR BEING GENERATED

[ ~""'PC Of' GEMI SHAP~FI Cu1TEI! CHIP'

Fig. 5-Diagram l1lustrati:ng Two 'Standard" Gearsin Mesn. A Cutter in
Mesh with an Oversize Gear, and Two Oversize Gears in Mesh WhIch Ha,VI!
Been Cut with the Same Cutter.

mating gear, This illustration also indicates the nature of the
chip taken by the Gear Shaper cueter, the heaviest portion
of the chip, after reaching full depth, being in the flar\k and
fillet, and the lightest chip on the invo~ute portion of the
tooth, thus assuring a fine finish,

Cutting DiEEerent Pressure Angles With the Same Cutter
The pitch circles and pressure angle are variable quantities

depending on variations in the center distance. This is il-
lustrated diagrammatically in Fig.. 5. At A are shown two
20-tooth "standard" 14,1/1° pressure angle gears, in mesh with
each other at "standard" center distance. Both gears have been
cut with the same Gear Shaper cutter, and, therefore, have
the same tooth profiles.

At B is shown a 14VlO pressure angle Gear Shaper cutter
in mesh with a 20-tooth gear. The size of the blank, however,
has been enla:rgedand is suitable for a 22, instead of a
20-tooth gear. It will be noted that there is no change in the
base circle diameter of this gear, but the center distance be-
tween cutter and gear has been increased over that shown
at A. Therefore, the generating pressure angle between gear
and cutter has been increased, and a new pitch. point has
located the pitch circle of the gear farther out towards the
ends of the cutter teeth.

At C, two of these enlarged gears are shown in mesh with
each other. The base circles are the same as before, but the
center distance has been increased, thus establishing a new
and greater operating pressure angle. Now these two' gears
were cut with the same cutter and, hence, havethe same tooth
profiles. All of the other elements - pitch circles. pressure
angle, etc., have changed due to the increase in the center
distance.

Note, however .. that the base circle once established never
changes. The diameter of the base circle of the cutter is in
the same ratio to the diameter of the' base circle of the gear
cut, as the number of teeth in the cutter is to the number
of teeth in the gear. Hence, the base circle will remain fixed,
no matter how the pitch diameter, pressure angle,. outside
diameter, etc., vary.

The Gear Shaper Cuuerand. Wnterference
Interference in involute gearing can he corrected, in cut-
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Fig. 6 - Diagram Showing How an. Unmodified Rack Tooth Interferes with
a 12·Tooth Pinion; Also Interference between Two Unmodified 12·Tooth
Pinions.

30-T OOTH,lih' CEAR SHAP[R CUIT[RS

A B

Fig.7-Diagram Illustrating How the Gear Shaper Cutter Can Be Made to
Modify a. Rack Tooth so as to Avoid Interference with a Mating Gear.

ting, by the Gear Shaper cutter. At A in Fig. 6 a 12-tooth
14Vz 0 degree pressure angle pinion is shown in mesh with
a straight-sided rack tooth. It will be noted that the side of
the rack tooth cuts into, or overlaps, the radial. flank of the
pinion tooth, at the point marked "interference." The "path"
of the point of the rack tooth is indicated by the line a-b.
In this particular case, the interference is so great that it ex-
tends almost to the pitch circle of the pinion. This interference
condition can. be avoided by modifying the Jack tooth, or
by undercutting the flank of the pinion tooth.

This intesference is due to the fact that the teeth of a 141/20

full-depth rack tooth are too long to permit proper conjugate
action, without tooth modification, with a 12-tooth pinion
of the same system. The line of contact on the pinion tooth
terminates, of course, at the point where it is tangent to the
base circle. This tangent point is the "natural" interference
point, and no portion of the rack tooth, which extends
beyond this point, unless modified, can have proper action
with a radial flank 12-tooth pinion.

At B, in Fig. 6 two 12-tooth,. 14YzO full-depth radial-flank
pinions are shown 1['1 mesh .. Here it will be noted that the
tooth profiles on both pinions would have to be modified,
or the flanks of the pinion teeth undercut, in order to
eliminate interference and provide proper tooth action ..The
extent of the interference in the illustrations at A and B is
indicated by the cross-hatched portions of the teeth.
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How the Gear Shaper Cutter Removes Interference
The Gear Shaper cutter, beinga.cutting tool in the form

of a gear, can he so made that it. will remove those portions
of the gear or rack teeth that interfere with each other. At
A in Fig. 7 is shown a 30-tooth 14Vz 0 Gear Shaper cutter
in contact with a rack tooth. The flank of this cutter is made
radial, and as indicated modifies a. portion of the rack tooth
above the pitch line, At B the flank of the Gear Shaper cut-
ter is "fi1led in" still more than at A and consequently the
amount and extent oJ modification is greater ..Gear teeth can
be modified in a similar manner.

At A in Fig. 8A a 3D-tooth 141/20 Gear Shaper cutter is
shown in mesh with a 12-tooth pinion. Here it will be noticed
in generating the flank and fillet that the ends of the cutter
teeth "sweep" inside the radial line, and, hence, undercut the
flanks of the pinion. As the gear or the rack is generaily
stronger than a pinion having a small number of teeth, the
gear or rack teeth are generally modified where a severe in-
terference condition exists, This is also the practice where the
teeth have to be modified to provide for tooth deflection
under heavy loading conditions.

When undercutting of the flank of a pinion having a small
number of teeth is to be avoided, several methods can be
employed:

1. The blank diameter of the pinion can be enlarged, as
shown at B in Fig. 5 and the outside diameter of the mating
gear reduced a similar amount. This results in long and short
addendum teeth.

fig. 8A- Diagram Illustrating How the Gear Shaper Cutter Can Be Made
so as to Avoid Undercutting the Flank of a 12·Tooth Pinion.
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HOBBER, WITH THE MOST ADVANCED
FEATURES, AVAILABLE TODAY...

ASK YOURSELF If YOUR 6 II HOBBING MACHINE HAS
THESE VERY IMPORTANT FEATURES:

• Motorized Hob Head For Direct Cutter Drive
'. Preparation For Iluiok Fixture Change System, Standard
'. Iluick Change Cutter Sy~em, Standard
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• Simultaneous Programming. Standard

The ....... Model LC152 CNC Hobber Does!!!

TRENDSETTER IN GEA.R CUTTING

For defalled ~lera!ule. enc!rcle the appropnate number on tile
readers/lip 5ef'lrlce card or wnfa fO:

UEBHERR MACHINE TOOL
290 5 Wagner Rd
Ann Arbor. MI481 03
j313J 769-3521



CIRCLE Atoll 'ON IREAIOER IREPLY CARD

42 Gear Technology

B

PROfilE
U>i~llIrJtD Ql1TtR

o ::~Iab TOO~ or

Fig, BS- Diagram must~ating Type of Gear Shaper Cutler Used When Gears
AJ,e to Be Finished by Oil Shaving Tool, and Where Flank of GeM Tooth Must
Be Undercut.

2... An increased pressure angle can be used.
3. An increased pressure angle combined with shorter

addendoms,
4. An enlarged Gear Shaper cutter can be used, as shown

in. Bin fig. 8A.

Here, it will be noticed that the ends of the cutter teeth
do not "sweep" inside the radial line. Enlarging the cutter has
the effect of increasing the generating pressure angle, and,
henee, changes the pitch circle or "rolli.n& circle," and in ef-
fect withdraws the cutter fromthe gear, thus preventingthe
cutter teeth from undercutting the flanks of the teeth. This,
of course, does not avoid interference with the mating
member, which would have to be modified, as indicated in
Fig 7 .. It does, however, provide a stronger tooth shape in
the pinion, as undercutting the flank naturally weakens the
tooth, all other factors remaining the same,

Pre-Shaving Gear Shapes Cutters
When finishing gears by means ofa shaving tool, it is

sometimes necessary to undercut the flank of thegea.r tooth
to prevent contact of the shaving tool inside the base circle.
Contact with the flank of the gear tooth by the shaving tool
can produce two undesirable results .. One is that it causes
deflections that result in modifications near the top of the
gear tooth; the other is thata ridge may be formed in the
fillet of the gear tooth which might interfere with the proper
operation ,of the mating gear.

Pre-shaving cutters are, therefore, made with a pro-
tuberance, or what might be calleda plus involute on the
tips of the teeth, This protuberance tip "sweeps" out the Haak
of the gear tooth and prevents the shaving tool from con-
tacting the non-involute portion of the gear tooth. It also
avoids the formation ofa ridge in the fillet of the gear tooth.

These conditions are illustrated dJagrammaticaJ]y in !Fig.
SA. At A is shown a 4(l..tooth, 200 fuU-length gear tooth as
CUlt with an unmodified Gear Shaper cutter. At B this pre-
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Fig. 9-Diagram Illustrating Gear Tooth Action. Active LEngthof Involute
Profile, and LEngth of Contact.

shaved tooth is shown as finished with a, shaving tool. Note
that the shaving tool leaves a ridge in the fillet of the tooth,
wroch is liable to interfere with the proper operation of the
maHng gear,as shown at C. If this gear had been cut with
a cutter having a protuberanoe 'tip, as shown at D, contact
of the shaving tool with the flank of the gear tooth would
have been avoided. and no ridge left to interfere with the
proper operation of the mating geaI.

This type of cutter is usually recommended for gears 16
pitch and coarser. For finer pitches where an undercutting
of the flank is necessary prior to shaving, the pressure angle
on the cutter is made less than the specified pressure angle,
and by "feeding" thi.scu.tter in farther than "standard" depth,
it "sweeps" out the non-involute portion of the tooth to pro-
vide "clearance" for the shaving tool.

Analyzing and Checking Involute Tooth Profiles
With theexception of the cirele, the involute is one of the

easrest curves to reproduce and check aocurateIy, It is possi-
ble to chart and measure the shape of involute tooth pro-
files, and Ito aocurately detennine the angular location and
amount of any deviation of the tooth profile from the "true"
in.volute shape. The angular location of the "initial" and "final"
points of contact between two mating gears can be calculated,
but it is also possible to determine these points diagram-
matically, and to correlate the dlagram with charts made on
Involute Measuring Instruments, as will be subsequently
explained, OIRCUE A~12 ON IREADER' IREPlY CARD
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fig.lO-Chart of 20-Tooth Pinion in Fig. 9 as Produced on Fellows Involute
Measuring Instrument.

Checking Involute Tooth Profiles
An analysis of gear tooth actionas represented in Fig. 9,

wiU help to explain the application of the diagrammatic and
charting method for determining the actuallength .of can-
tact of mating gears, and the angle of involute used.

In general, the involute profile of a gear tooth is checked
from its origin, or base circle, to the outside circle, or top
of the tooth. Fig ..9 shows a pair of involute gears in mesh
for the purpose of illustrating the "initial" and "final" points
of tooth contact, and the active portions of the tooth pro-
files. Points 0' and P are the "natural." interference points,
and indicate the maximum permissible length of the line or
action, provided that the outside circles of gear and pinion,
respectively, were extended to the interference points.

Assuming that the pinion is the driver; the point R where
the outside circle of the gear cuts the line of action is the "in-
itial" point of con tad; and point 5 where the outside circle
of the pinion cuts the line ofa.ction is the "final" point of con-
tact. On the 2o..tooth pinion, angle B represents the totalangle
of involute; and,on the 3D-tooth gear, E represents the total
angleof involute. The active angles of involute are G on the
pinion and H on the gear,

Deviations in the profiles within the spaces confined by
angles C and F can be neglected, as far as any involute ac-
tion :isconcerned for this particular gear ratio, tooth length,
etc., as shown in Fig. 9. Angles G and H, and the length of
the lineof contact can be calculated, as will be explained later ..
They also can be determined approximately from this
diagram.

It is also possible to approximately determine the location
of the "initial" and "final" points of contact by placing two
mating gears on pins spaced at the correct center distance,
"rolling" the gears, and marking the points on the tooth pro-
tiles where contact starts at R and finishes at 5, as shown
in Fig. 9.

It i~ evident from a study of this diagram that only a por-
tion of the involute on both the pinion and gear is used.
Hence, the angles of involute of both members charted in
Figs. 10 and 11, as produced on the Involute Measuring In-
strument, are greater than those portions of the involutes that
aile used. It will be noticed in Fig .. 10 that the used portion
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',NAL POINT or CONTACT

BASE ClRCLt INn~L POINT or CONTACT

Fig. 11 - Char! of 30-Tooth Gear in Fig. 9 as Produced on. FellowsInvolute
Measuring Instrument.

of the involute on the chart is the same as the angle of in-
volute G in Fig. 9 ..The same applies to the chart in fig. 11
for the gear, where H is the angle of involute used.

The "initial" point of contact on the pinion is 5° 57' 54·
from the origin or base circle, which is equal to angle C in
Fig. 9, and on the gear, the final point of contact is 11 0 30'
40' from the origin or base circleand is equal to the angle F.

On the charts in Figs. 10 and 11, the involute "reading"
is recorded with reference to a straight line, and any depar-
ture from this straight line represents theamount of devia-
tion from the "true" involute shape. The angular location of
deviation in the tooth profile is indicated by the position of
the charted line relative to the accurately spaced curved lines.
The space between the vertical lines on the chart represents
a deviation of 0,0002 inch. The measuring instrument is pro-
vided with a ratio mechanism, so that the space between the
curved lines can represent either 3 degrees or l/Z degree of
involute "roll."

For the benefit of those who aile interested in determining
these angles, etc. mathematically, the formulasand methods
of procedure are presented in the foUowing pages.

Calculating Involute Angles
The angular position of any point on an involute with

respect to its origin on the base circle can be determined in
degrees of rotation of the base circle necessary to develop
the involute to that particular point. This value is known as
the angle of involute. On a gear, the total angle of involute
is the number of degrees ·of rotation of the base ci3'cle from
the origin at the base circle to the top of the tooth, or out-
side circle.

Fig. 12 is a schematic diagram of an involute profile
developed by roiling a base cylinder along a base line in which
a tracing point is located ...The full lines show this cylinder
tangent to the base line at the tracing point, which is the origin
of the involute .. As the base cylinder is rolled ceunter-
clockwise along the base line, the involute is developed by
the tracing point, as shown in the illustration.

When the base cylinder has rolled along the base line to
the positionindicated by the dottedoutIine, B is the angle
of involute "roll," M is the linear distance traveled, and OR
isthe radial distance from the center of the cylinder to the
tracing point, or end of the involute ..Angle Band distance



Data Pinion Gear
Number of teeth 20 30
Diaraetral pitch 10 10
Circular pit.ch .3142" ,3142"
Pressure angle 200 200

Outside radius 1.100' 1.600'
Pitch radius 1.000' 1.500" <,
Base radius .9397" 1.4095"
Center distance 2.500"

,
,,,

,
,

,

Fig..12-Schematic Diagram Showing Development of an Involute Profile.

M can be determined from the following formulas: in which
OR - Radius to end of involute profile

BR - Radius of base cylinder
B - Total angle of involute

Then:

Cos A- BR
- OR

B- Tan A
.0174533

M-Tan A X BR

Determining Angular Location of any Point on Involute
Profile; also Length of Contact

As a practical example, we will take the two gears
represented in the diagram Fig. 9, the data on which is:

fig. 13 presents a diagram of the gear and pinion shown
in Fig. 9', which will be used in calculating the total angles
of involute, active and inactive angles of involute, total length
of line of action and active length of line of action,

In this diagram, Fig, 13, the involute profiles of pinion and
gear are shown in dotted outline at the "initial" and "final"
points, of contact. The total length of the line of action is the
distance between points o and P, Assuming that the pinion
is the driver, contact starts at point Rand ends at point S.

The total angle of involute, the active and inactive angles
of involute of gear and pinion; the total length 'of the line
of action, and the active length of the line of action, as well

as the overlap of action can be determined by the simple for-
mulas which fonow. Notation for the 20-tooth pinion fonows:

A - The included angle between the point of origin
and the point wheer the outside circle of the
pinion cuts the line of action

B - Total angle of involute
C- Inactive angle of involute
G- Active angle of involute

OR2o - Outside radius
BR20 - Base radius

For the 3D-tooth gear:
D- The included angle between the point of origin

to the point where the outside circle of the
gear cuts the line of action

E - Total angle of involute
F - Inactive angle of involute
H- Active angle of involute

OR;o - Outside radius
BR30 -, Base radius

For 20-tooth pinion and 30-tooth gear:
JJA - Pressure angle
CD - Center distance

K - Total length of line of action
L- Active length of action

M - Distance on line of action corresponding to
angle B

Fig. U-Diagram Giving Notation for Determining Involute Angles, Length
o(Une of Action, etc,

30- TOOTH GEAR
20°FULL-L~NGTH

CD

2Q-TODTH PiNION
200 FULL-LENGTH
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INDICATOR 1_ ~~-

ANGULAR
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I,
A

Fig. ]4 - Diagram of Charts Illustrating High Fillet, Undercut and Tip
Modification. Produced on Involute Measuring Instrument.

N - Distance on line of action corresponding to
angle E

CP - Circular pitch
BP - Base pitch

Then:

Cos A. _ BR2Q
ORlo

- Tan A.
B ~ .017.4533

M - Tan A X BR20

K-CD X Sin PA
BRloCos D-----
ORlo

Tan D
E- .0174533

N-Tan D X BR30

L-(M +N) - K

G_---'L;,.......--
.0174533 X BR.:zo

C-B G

H- L
.0174533 X BRJO

F-E -H

BP- CP X Cos PA.
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S>lAPE or CUT TOOTH
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INVOLUTE CHART OF' SHAVED GEAR

Fig. 15 - Charts Made on Involute Measuring Instrument of a Gear after Cut-
tiiig and after Shaving.

LPercentage of overlap of contact ---1
BP

Determining the various values for pinion and gear, US~

ing the foregoing formulas, we find that:

Cos A. - .9397 - .85427- 1.100--

A.-31° 19' 16" and Tan A

B- .60852 _ 34° 51' 54-
- .0174533

M-.60852 X .9397 - .57182 inch

,60852

K-2.S X .34202 - .855 inch

1.4095
Cos D-1.600 - .88094

D-28° 14' 39" and Tan D .53719

E- .53719 - 300 4.6' 43-
.0174533

N-.53719 X 1.4095 - .75717 inch

L-(.S7182 + .75717)

G- .47399
.0174533 X .9397

C-34° 51' 54" - 280 54'

,855 - .47399 inch

280 54'

5° 57' 54."



Rates: Classified Display-$100 per ,Inch
(minimum 3 ") Type will be set 10 advertiser's
layout or Gear Technofogy will set type at no
extra charge. Word Count: 3S, characters
per line,7 lines per Inch.

P,ayment: Full payment must accompany
classified ads. Mail copy to Gear Technology,
!P.O. Box 1426, IEII< Grove Village, IlL 60007.
Agency Commission: No agency commis-
sion on classlfleds.

HELP WANTED

Westinghouse Marine Division ofters
you the opportunity to work on high
caliber prOjects for land, sea and
aerospace app'lications - within an
environment that Includes a full'
range of engineering, rnanutacturtnq,
test, field and logistics services. Join
us as Westinghouse celebrates Us
Centennial Year!

SEINI:OR DESIGN
ENGINIEiER
Your project respenelblllttes willi
involve main propulsion machinery
design and production tollow
'.hrough" Wei're' looking: for a gear
design eng:ineer wah at least 5, years
0·1 related -experience and a BSME or
equivalent (MSMEls preferred).
Speciffca.lly, you must have exper-
lence with parallel sha.ft and right
angle drives involving double helica.l,
bevel and worm gearing, as well as
with related design and stress
analysis. A familiarity with ,large sized,
:hardenad and ground, and low noise
source, gearingl is preferred. Excellent
demonstrated-verbal and written, com-
munications skills are requisite.

SIENIOR ENIGIINIIEE.R,
Your work will involve main propul-
slon machinery design and: follow
through. You should be capable of
independently performing rotating
and stationary ,element stress -
analyses for the purpose of verifying
design adequacy. We're looking for
an Individual wah three years of
releted experience, and a. IBSME or
equivalent. A famiUarity with tM
design of parallel shaft and right
angle' drives also, required, as is
knowledge ot FORTRAN code con-
struction and use.

We offer a competiUvesalary and
benefits packa.ge. Please send your
resume to IOe,partmentJ'LDW,
Westinghouse Marine Divislon,401
East Hendy Avenue, P.O. Box 3499,
(MIS 82·3), Sunnyvale, CA 94088·3499'.
Equal Opportunity Employer
U.S. Clllzenshlip Required

,GEAR PERSONINEIL
ENG'IINIEIERS

'GEAR GRINDERS
MACH!I'NIISTS

I PRODUCTION CONTROL
!QUALITY CONTROL/IINSPECTIION
i

l

SH:OP SUP,ERVI·SION, IETC.
,it you are in the gear business in any
capacity, are ambitious and think,ing of
ma'king a move, send us your resume.
The above and other new positions are
being created by int'~rnal. growth at b.oth I

our San Diego, California & RoseVille,
~M~h~anp~n~. I

, ACR INDUSTRIES, INC. I

, 29200 Callahan
Aosevllle, Michigan 48066

Machine Sho,p' Foreman. Foreman of all
machine shop operations, including: all grinding;
such as bevel gear external and Infernal super·
vise la~he and mil!ling opera~ions; responsl~le for
numerical control; and quality control cfall items
prcducee frithe machine shop operations;
supervise training; of apprentices ,and new
employees in machine shop. Must have three
years experience In the offered position or four
years experience as setter or trainer In gear
grinding department and one year training as
craft apprentice or on·the·job tral n ing in machin-
ing skills. No formal education required. Ap-
plicants will be examined in regard to experience
in training apprentices and new employees in
machining and grinding operations. 40 hours per
week plus 8 hours of overtime. 6:55 A.M'. to
3:25 P.M. $14.61 per hour. Overtime paid althe
rate of $21.92 per hour. Send resume to: Ulinois
Job Service, 9,10 South Michigan Avenue,
Room 333, Chicago, Illinois 60605. Reference
No. 4928-J.Attn: M. Jaskowiak. An employer
paid ad. . .

MANUFACTURliNG
iREPFIESENTATIVES

Manufacturing Representatives needed for
several territories: East Coast, West Coast,
South and Upper Ohio Valley.

One 01 the most modern gear job shops In the
world specializing in fine and medium pitch
gears.

Send Resume to
Forest City Gear Co.
P.O. Box 246
Roscoe, ,IL 61073
Attn.: Frederic Young

'Closing date: Ads must be received by the'
251h of the monlh, two months, prior to
publication. A,cceptance: Publisher reserves
the 'right to accept or reject classified advar-
tlsements at his discretion.

SUBCONTRACT WORK

SPIRAL BEVEL
G.EARS

Coniflex bevels to 34" diameter
Prototype or production up to eo"

diameter
Breakdown work - fast turnaround

Complete machlnil'lg, heat treat,
lapping and testing:

CAI.L USI

B&FI MACHINING
!PO Box 536

Sharon, TN 36255
1·600·236·0651

CIRCLE A·21 ON READER IREPLY CARD

HiOB!BER REBUIl!DIING
SPiECIAUSTS

Having trouble meeling: today's ee-
mand quality control tolera_noes'?
I..el our factory trained and ex-
perienced staff return ~four machine
to optimum o,perating condition.
We speclallze in repamn'g!,
rebuilding and rnodemizing alii
makes of bobbers.

, Cleveland Rig:idhobbers
• Gould & IEberhardt
• Barber Co:lman

PRESS~ATIONI IN:C.
522 Cottage Grove' Roadl
Bloomfield, Conn. 06002

{203)1242.a52~

CIRCLE A-24 ONI READlR REPLY CARD

May/June 1986 47



BACK TO BASICS ...
(continued from page 46)

H= .47399
.0174533 X 1.4095

F-30° 46' 43· - 19° 16' 3"= 11 °39' 40"

BP=.3142 X .93969 - .2952 inch

.47399
Percentage of overlap of contact = .2952 - 1 = .60 or 60%

It will be seen with this particular ratio, pressure angle and
tooth length, that there is no involute or fillet interference,
and that there is sufficient overlap of contact to provide con-
tinuous action. These conditions are verified by the charts
presented in Figs, 10 and 11.

Charting Involute Gear Teeth
The gear teeth and the charts shown in Figs. 10, 11 and

12 presented a gear combination without any tooth modifica-
tions. Fig. 14 presents three charts Illustrating high fillet,
undercut, and involute modificiation at the tip of the tooth.
Referring to the chart at A, Fig. 14, the tooth has a fillet which
extends beyond the base circle, and if the angular height of
this fillet is greater than the angle C in Fig..9, the pinion tooth
will interfere with the mating gear, and will prevent free
rotation.

The diagram at B, Fig. 14, shows an undercut condition
in which a portion of the involute profile above the base cir-
cle is removed. If the angular amount of undercut is greater
than the angle C, Fig. 9, it will shorten the length of the line
of contact, and may result in lack of continuous action with
the mating gear.

The diagram at C, Fig. 14, shows a gear having tip relief
or involute modification, necessary in some cases, and
undesirable in others. It is important to know definitely the
angular location and amount of this modification in order
to determine if continuous action will be obtained when the
gears are in mesh. When the tip of the tooth is modified the
angle F, Fig. 9, is increased, because the "final" point of con-
tact does not advance as far along the line of action, and thus
shortens the length of contact. VVhenthis information is deter-
mined graphically or mathematically, the chart provides a
means for accurately determining if such modifications exist
and their angular location and amount.

Fig. 15 presents charts of an 8110 pitch helical gear hav-
ing 23 teeth, 200 pressure angle, and 23° helix. angle. The
involute profile of a helical gear is checked in the plane of
rotation, the same as a spur gear. The chart at the top of
the illustration is of the gear as cut prior to shaving. It will
be noted that the flank of the tooth is undercut 0.0038 inch
covering 16 degrees of involute, which extends to a point half-
way between the base circle an pitch circle. When this gear
is shaved the undercut is reduced to 0.0026 inch and covers
only 13, instead of 16 degrees. This chart, as previously ex-
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plained, when compared with a similar chart of the mating
gear can be used to determine the usable portions of the pro-
files on both gears, and the actual length of the line of con-
tact can be determined from the preceeding formulas.

A WHEEL SELECTION TECHNIQUE ...
(continued from page 14)

= 36.2

Total Machining Time
= 22.1 + 14.2 + 36 ..2 72.6 min.

CBN VVheel

Machining Time
- 125 teeth X 2 in. stroke/f ipm + 125 indexes X 1
- 52.1 min. 60

Appendix .3 - Machine/Operator Rate
M =Wo (1 + worker overhead) +

Nm MT (1 + machine overhead)

MT = cost of machine
(hours/year) X (depreciation years)

$750,000 - $18.75 hr.
(4000) (10)
assume: Wo = $14/hr., Nm = 1

M - 14 (1 + 100%) + 18 ..75 (1 + 100%) - $6S.S/hr.
1

This paper was presented at the AGMA Fall Technical Conference Oct. 1985.

PROFITS ARE BEING MADE
. , . by advertising in GEAR TECHNOLOGY,
The Journal of Gear Manufacturing's classified
advertiSing section. Advertise your specialty:

• Open time on special or unusual machines
• Uni.que capabilities
• Machine quality
'. Help wanted
• Subcontract work

Your ad reaches
over 5,000 potential customers.

Call GEAR TECHNOLOGY for details.
(312) 431-6604
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With G-AGE T~. the complete line of
gear testing and measurement equip-
ment and programs
Some of the nicest looking gears start
whining and grumbling as soon as
they're put to work. And that's one kind
of trouble you want 10 stop before it
starts. You can - easily and efficiently
- with G-AGE test and measurement
products from Gleason,

G-AGE is the most complete gear-in-
spection line of its kind in the world. If
you make or use bevel. hypoid, or helical
gears, there's a G·AGE product for you,
One that will tell you exactly what you
need to know for effective QAJQC
at incoming inspection or at any stage
in gear manufacturing.

How to tell a
troublemaker

from the strong
silent type

line includes:
• Rolling contact

checkers for your expert inspectors.
• A full range of elemental testers to

check tooth position and geometry or
shape,

• Programs for coordinate measuring to
determine tooth form errors based on
design data and to provide corrective
machine settings,

• Sophisticated single-flank testing sys-
tems that let you investigate transmis-
sion error ami most related parameters
of a gear or gear pair.

• The ultimate gearQC system - the

C;-.,-g-t';r r.
Advanced concepts, traditional
q,uality. That's the Inew Gleason.

OIRClE A-20 ON READER REPLYCARD

579 Automatic Data Analysi, System.
Interfaced with any G-AGE single-
flank tester, it automatically interprets
test datil [0 give you more answers.
in more usable form, than any other
system.
G-AGE is your key In higher quality

gears. less scrap, lower costs. and a
greater degree of control than ever before
possible.

Nobody knows more about gears and
gear testing than Gleason. Let U~ help
you select the G-AGE equipment or
program you need to eliminate potential
troublemakers before they can start a
rumble. Call 716-..J.7 3-1000 or write
Gleason Work:,. 1000 University
Avenue. Rochester, NY 1..J.69~. U.S.A


