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Material losses and long production times are two areas
of conventional spur and helical gear manufacturing in which
improvements can be made. Metalforming processes have
been considered for manufacturing spur and helical gears, but
these are costly due to the development times necessary for
each new part design. Through a project funded by the U.S.
Army Tank - Automotive Command, Battelle's Columbus
Division has developed a technique for designing spur and
helical gear forging and extrusion dies using computer aided
techniques.

Gear Forming Methodology
Gear manufacturing processes are highly specialized due

to the complex geometry and high accuracy requirements of
the gear teeth. Precision forming methods for gears offer con-
siderable advantages including the reduction of material and
energy losses during finish machining. However, to establish
precision forming as an economical production technique re-
quires' the capability to design and manufacture dies with
precise and reproducible dimensions with long life and at an
acceptable cost.

The traditional method of forging and extrusion die design
and manufacture is based on experience and trial and error.
A preliminary die is made and a few parts are formed. Meas-
urements are taken of the finished part and the die is adjusted
accordingly. A second series of trials is conducted, and so
on, until the final die geometry is obtained. Such a develop-
ment program is required for every new design which makes
the precision forming process economically less attractive,
especially when complex and precise geometries are involved,
as with spur and helical gears. Therefore, methods need to
be developed to apply advanced computer aided design and
manufacturing (CAD/CAM) technologies (finite element,
metal forming and heat transfer analyses) to gear forming
die design and manufacture. This approach benefits from the
capabilities of the computer in computation time and infor-
mation storage and allows the die designer to try various
changes in the die design and the forming conditions, without
trying out each new change on the shop floor.

CAD / CAM Applied to Forging and Extrusion
In recent years, CAD / CAM techniques have been applied
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to various forging processes. The experience gained in ali of
these applications implies a certain overall methodology for
CAD / CAM of dies for precision and I or near-net shape
forming. This computerized approach is also applicable to
precision cold and hot forming of spur and helical gears, as
seen in Fig. 1.. The procedure uses as input: (a) the process
variables and (b) the part (gear) geometry. The former con-
sist of:

forming (forging and/or extrusion) a set of spur gears
and a set of helical gears.

The Phase Iwork and the Phase n spur gear extrusion trials
have been completed. A simplified flow diagram for the com-
puter aided design and manufacturing of forging and extru-
sion dies for spur and helical gears is shown in Fig. 2. Using
the overall outlines of Figs. 1 and 2, the die design effort was
dividied into four tasks:

1. Definition of gear and gear tooth geometries.
2. Prediction of forming load, pressure and stresses.
3. Estimation of tool deflections, shrinkage and corrections.
4. Development of an interactive, graphics based computer

program for performing Tasks 1 through 3.

(1) data on billet material under forming conditions (billet
and die temperatures, rate and amount of deformation),

(2) the friction coefficient to quantify the friction shear stress
at the material and die interface, and

(c) forming conditions, such as temperatures, deformation
rates, suggested number of forming operations.

Using the process variables and the part geometry. a
preliminary design of the finish forming die can be made.
Next, stresses necessary to finish form the part and
temperatures in the material. and the dies are calculated. The
elastic die deflections due to temperatures and stresses can
be estimated and used to predict the small corrections
necessary on the finish die geometry. Knowledge of the fonn-
ing stresses also allows the prediction of forming load and
energy, The estimation of die geometry corrections is
necessary for obtaining dose tolerance formed parts and for
machining the finish dies to exact dimensions. The corrected
finish die geometry is used to
estimate the necessary vol-
ume, and the volume distri-
bution in the billet or the
preform. Ideally, a simula-
tion of the metal flow should
be conducted for each die
design. This is a computer-
ized prediction of metal flow
at each instant during form-
ing. This simulation is math-
ematically quite complex and
can only be performed at this
time for relatively simple
parts ..In more complex appli-
cations, die design can be
determined by computerized
use of experience-based
formulas.

Two Phase Approach
The present study is still in

progress and is being con-
ducted in two phases as
follows:

" Phase I
Computer Aided Design
(CAD) of fanning dies.

• Phase II
Computer Aided Manu-
facturing (CAM) of the
forming dies and demon-
stration of the effective-
ness of CAD I CAM by Fig. 1-Descriptive Computer Aided Design Procedure for Finish Forging Dies

Generating the Gear Tooth Geometry
To define the tooth geometry, certain gear and/or cutting

tool parameters must be specified. Some additional data per-
taining to the mating gear mayalso be required in certain
instances. All the data required for the computations can be
obtained from a "summary sheet" developed by gear designers
(Fig. 3) and also the geometry of the cutting tool (Fig. 4).
With this data, standard gear equations are used to calculate
the X and Y coordinates of the points describing the gear tooth
profile.

The basic geometry of a spur
gear tooth is seen in Fig. S,
with the .following major
definitions (1):

• addendum-
the radial distance be-
tween the top land and
the pitch circle

• backlash-
the amount by which the
width of a tooth space
exceeds the thickness of
the engaging tooth on
the pitch circles

• circular pitch-
the distance, measured
on the pitchcirde, from
a point on one tooth to
a corresponding point 'on
an. adjacent tooth

• clearance-
the amOUJ1tby which the
dedendum of a. gear ex-
ceeds the addendum of
its mating gear

• dedendum-
the radial distance from
the bottom land to the
pitch circle

• d.iametral pitch-
number of teeth on the
gear per inch of pitch
diameter
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DESCRIBE GEAR GEOMETRY INDIGITAL FORM FOR USE IN COMPUTER 1-0-----,

MODI FrCAT.IONS

CORRECTIO'lS

INSPECT THE GEARS ANDEVALUATE FORMING PROCEDURE

UPDATE COMPUTER PROGRAMSAND REF INE CAD/CAM'
METHODS FO~ DIES

Fig. 2-Genera.l Procedure for the Design of Gear Forming Dies

• pitch diameter- diameter of the theoretical pitch circle
which is tangent to the corresponding
pitch circle on a. mating gear

The majority of the gears produced by conventional cut-
ting methods are either hobbed or cut using a shaper cutter
(2). In this study, for defining the tooth geometry, standard
equations were used to simulate the gear cutting process (3-7).
These equations are included into a computer program, caned
GEARDl, as discussed later.

Forming Load Prediction
To determine the elastic deflection of the forming dies,

stresses acting on the die during the forming processes must
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be known. This stress analysis is necessary to obtain not only
the elastic deflection, but also to calculate the forming
pressure and load.

Extrusion
The extrusion process is seen schematically in Fig. 6. The

punch load required to extrude a spur or helical gear is
determined by estimating the following forces:

• the ideal deformation force,
'. the force due to internal shear at the die entrance and exit,
.' the friction Iorce along the die walls and the punch.

Using the slab method of analysis, the equations for the
punch force were determined and programmed.
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DRAWliNG INIFORMATION FOR:
A DRIVEN COUNTER SHIAIFT

IDENTIIFICATION NUMBER
SET NUM'BER . . . . . .
NUMBER OF TEETHI. . . .
NORMAL DIAMETRAL PITCH IMODULIEI
NORMAL IPRESSUREANGLE
HELIX ANGLE
HAND, OF HEUX. .. . . .
LEAD .
TIR'ANSVERSEDIAMETRAL PITCH (MODULE)
TRANSVEIRSE PRESSUREANGLE

MAXIMUM' OUTER: OIIAMIETER. . .
MINIMUM OUTER DIAMETER . . .
MAXIMUM' TIP CHAMFER: DIAMETER
MINIMUM' TIP CHAMFER' DIAMETER
THEORETICAL PITCH DIIAMETER
MINIMUM ROOT D'IAMETER

BALL/PIN OIAMETER FOR (MOPI .
MAX. MEAS. OVER PINS (MOP).
MIIN. MEA.S.OVER PINS (MOP). .
MIN. CAUPER MEAS. (41 TEETI--I .
MAX. CALIPEIR MEAS. (4i1 TEETH .

MEAN FACE WmUIL .. . . .
MIN. NORM lOPLAND IMAX. 0.0. WID CHAM]
MIN. THEO. NORM. CIRe. TOOTH THICKNESS
TOOTH THIICKNESS@HALF OF WHOLE DEPTH
CASE DEPTH .
MAX. PITCH DIAMETER RUNOUT (TIAI . . ..

@ MAX. OUTER RADIUS . . . .
@MAX. ENIDOF ACTIVE PROFILE
@ MAX. HIGH CONITACT POIINT
@OPER. PITCH POINT. . . . .
@ MIN. LOW CONTACT POINT . .
@MIN.START OF ACTIVE PROFILE
@STARTOF INVOLUTE CHECK
@ BASE RADIUS. . .

MAX. LEAD VARIATION. . .
MAX. LEAD RANGE. . . . .
CROWNING IN MIDDLE 80% OF TOOTH

MAX. RUNOUT n.I.R.' . . . . . .
MAX. TOOTH TO TOOTH COMPOSITE VAR.
MAX. TOTAL COMPOSITE VARIATION.
MAX. PITCH VAIRIATION .
MAX. PITCH RANGE. . .. . . . . .

ENGL.ISH METRIC
(liNCH) (MIMI

81.0220 81.0220
810.0123 810.0123

32. 32.
10.0000 2.540
1'9.0000 19.000
31.5739 31.574

LEFT
19.2000 487.680
8.5197 2.981

22.0064 22.006

4.079 103.60
4.069 103.35
4.049 102.84
4.039 102.59
3.7560 95.402
3.'511 89.18

0.2160 5.486
4.1716 105.958
4.1681 105.870
1.1056 28.082
1.1071 28.121

0.875 22.23
0.029 0.74
0.1626 4.130
0.1764 4.481

.023/.033 0.59/0.83
0.0025 0.063

ROLL ANG. IRADIUS RADIUS
:;;;;11:;;::==: ===== ;;;;~ .. :::r:::=== ;;;;:;;;==;ra.

34.95 2.0395, 51.803
33.99 2.0245, 51.422
30.30 1.9697 50.030
25.02 1.9000 48.260
22.42 1.8697 47.491
17.45 1.8202 46.233
16,.72 1.8138 46.070
0.00 1.7412 44.226

0.0004 0.010
0.0008 0.020

.00000/.00050 .0001.012

0.0025 0.063
0.0008 0.020
0.0032 0.081
0.0004 0.010
0.0029 01.073

Fig. .3 - Example of A Typical Gear Manufacturer Summary Sheer Defining
Gear Geometry
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fig. 4 - Geometry of A Hob and A Shaper Cutter

fig. 5-Gear Terminology

Forging
A typical tool setup for forging of gears is shown

schematically in Fig. 7. The punch force necessary to fill the
tooth cavity by radial metal flow was also calculated using
the slab method of analysis and empirical equations. Addi-
tionally, the forging load was estimated using a Finite Element
Method (FEM) based program in order to verify the calcula-
tions made by the slab method and empirical equations. The
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results of the FEM analysis correlated closely with the
empirical analysis.

Estimation of Die Corrections
The geometry of the forming die is different from that of

the formed gear because,

• The die insert is normally shrink fitted into the die holder
causing a contraction of the die surfaces.

• In warm I hot forming, the dies may be heated prior to
forming and further heated by the hot billet during form-
ing. This causes the die insert to expand.

• During forming, due to forming stresses, the die surface
deforms elastically.

• After forming, the gear shrinks during cooling from form-
ing temperature to room temperature.

To obtain the desirable accuracy in the formed gears, each
of the geometrical variations listed above was estimated and
the die geometry corrected accordingly ..Referring to Fig. 8,
the original pitch radius is represented by R. Shrink fitting
of the die causes the gear profile to shrink. hence the die must
be increased by a corresponding amount, S.. Similarly, in-
creased die temperatures and forging pressures cause the die
to expand. These two factors are compensated by the
amounts Hand E. Finally, a. warm I hot formed gear will
shrink during cooling; therefore, the die must be enlarged by
the amount C. The results of the die correction analyses were
used to alter the coordinates of the gear tooth profile to
achieve the appropriate die geometry.

Cutting the Die
A common method of die manufacture is called electrical

discharge machining (EDM). The process uses an electrode,
usually made of graphite or brass, which is the negative of

I Punch
2 Top Insert
:3 Conical or Stream-

lined Insert
4 Gear Insert

5 Support Insert
6 Reinlorcing Ring
7 Billet
B E~trusion

Before Extrusion Aller Extrusion

Fig. 6 - Schematic of the Extrusion Process
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Fig. 7- Typical Tool Setup for Forging Spur or Helical Gear5,

the die geometry. The electrode is brought dose ,to. but not
in 'contact with. the die material. An electrical current is
allowed to arc across the gap which "burns" away the die
material. Another form of this method of manufacture is
called wire EDM. Current is passed through a straight wire
Ithat moves in two dimensions, burning the die geometry as
it goes. Helical gear dies must be made by lIsing a solid dec-
trode but spur gear dies c-an be cut using either a solid elec-
trode ,or a wire EDM process. In either case. a eorreeted 'set
of gear tooth profile coordinates is needed. This new set of
coordinates is computed by applying a correction factor to
the' radius vector from 'the center of the gear to each point
on the gear tooth profile. The correction factor is a function
of the values for S, H, E, and C as shown in Fig. 8 ..

As previously mentioned, the geometry of the die is dif-
ferent from the final gear geometry ...When ,cutting the gear
die using 3-" electrode, it may be desirable Ito manufacture
the electrode using a hob or shaper cutter ~pecifically designed
Ito cut the electrode geometry. The computer program,
8,GEARm: allows the user ,to design this new ,cutting tool.

Computer Program "GEARDI'"
Using the equations developed in Phase l, a graphics

oriented computer program called GEARD] was d veloped,
The main functions of GEARDl are:

'. define the exact tooth form of a spur or helical gear,

• compute the forming load required to produce the CUI-

rent gear design,
• compute the coordinates of the corrected gear geometry

necessary for machining the EDMelectrooes by taking into
account the change in the die geometry du to temperature
differentials, load stresses and shrink fitting, and •

•' determine the specifications 'of a 1.'001 which can cut the
altered tooth geometry on a conventional hobbing or
shaper cutter machine.
This program enables the user to design spur and helical

gears, predict tooling loads and pressures, estimate meta] flow
for forming the gear, and define the geometry required to
manufacture the tooling using conventional or wire (;DM.
Several examples of gears, currently being forged in industry.
were tested in the GEARDI computer program. The predicted
forging loads were within 10 percent of the actual loads
measured during production runs.

GEARDI is an interactive, graphics-oriented program
which runs on Digital Equipment Corporation VAX 111780.
111750. and PDP-lll44 computers. h isa menu driven pro-
gram that allows the user to select various options from a
pre-defined list. F.ig. 9.is a simpli1ied flow diagram of the pro-
gram depictingth various menu oplionsa.vailable to the user.
One 'convenient feature, the ~COMPAR]SON DISPLAY" op-
tion, allows the user to superimpose two gear profile draw-
ings on the computer and determine the maximum difference
between the two profiles. Fig. 10 shows th superposition of
an original spur gear ,tooth profile and the corrected g~metry
which was determin d by the program ;for a specific set of
forming conditions.

The GEARDI program has powerful application
possibilities, not only in the area of metallorming, but also
in the area of gear and gear train design. with its ability to

Fig. ,8-Correction 10 Gear Qoometry (Symbols Expl ined 10 Text]
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GEARDI INPUT/CHECK - RElURN TO "" I II HENU

READ INI GEOMETRY FROM F I L E

, - KEY IN &EOMETRY

- COMJ!U1t PROF ILE

- ORAl;! GEAR lOOTH

IJIAW £NTIREGEAR

ECHO DATI

CHANGE DATA
Al1tR FILLET

HEl!P

--..,_- RETURN TO KO.!N MEIIU

!TE INPUT DATA

WRITE FORMING ANALYSIS fILE

ANALYSIS ---,,..-- RETUR TO ""IN MENU

INPUT FORMING: DATA
CHECk FORMING DATA
RU fORMING ANALYSIS

COMPARlSOfI DISPlAY

CREATE TOOL

- HELP

-EXIT

F,ig.9 - Flow Diagram for the Computer Program GEARDI

I l.Q Inch I

fig. lO-Compl.Iler Program Display of the Original Gear Tooth and the
Corrected Gear Tooth Geometry

design hobs and shaper cutters and to modify the fillet from
a trochoidal shape to a circular shape.

Spur Gear Extrusion lHals
Fig. 11 shows a picture of the tool setup for the spur gear
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Fig. ]I - Tool Setup for Spur Gear Extrusion Trials

extrusion trials, conducted at Battelle's Columbus Division
using a 7~ton hyd:rauHc press. The gears were extruded
using a "push-through" concept. Each gear is first partially
formed and left in the die while the punch is retracted. A
second biUet is placed on Ilop of the partially formed gear
and the press is cycled again. During this cycle, the partially

Fig. 12- Sequence of Parts for Extruding Spur Cears. Billet is on Top, Par-
tially Formed Gear is in the Middle, and Complete Extruded Gear is on the
Bottom.



Fig. 13 - Extruded and Shot-Blasted Spur Gear

formed gear is finish formed and pushed through the die,
dropping out the bottom of the die. Fig. 12 shows the
sequence of parts in the toollng. Once formed, the teeth on
the gear are not machined further. A fixture which holds the
gear on 'the pitch line of the teeth is used to finish machine
the inside and ends of the gear, The spur gear formed in these
trials was designed to be an AGMA quality class 8 gear ..
Measurements taken on the extruded gears indicated a gear
of between AGMA quality 7 and 8. An 'extruded gear which
has been shot-blasted is shown in Fig. 13.
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A~ALYZENG GEAR TOOTH STRESS •••
(continued from page 15)

Having established that stress levels vary in a predictable
and quantitive way, work has begun on correlating the stress
data obtained from the finite element stress program to
sources of experimental data. Two parallel programs are now
underway Itoprovide such correlation, The first program will
analyze several hundred fatigue test data points from full scale
axle tests ana four square fatigue tester. The purpose of thjs
program is Ito establish a reliable S-N curve for each of the
modes .of fatigue failure; e.g., bending fatiguea.nd subsur-
Face shear ..The second program will involve Iatigue data ob-
tained from simulated gear tooth specimens using a closed
loop hydraulic tester. The test data obtained from the
simulated gear tooth specimens will be used to augment the
data obtained f.rom the .ful1scale axle tests thus providing ill

relationship between S~N curves for various materials and
heat treatments to the S-N curve obtained from full scale
testing. The successful completion of this final step should
result in establishing the finite element gear strength program
as a powerful gear analyzing program for the design of bevel
and hypoid gears.
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