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FOREWORD

This final report on ''Computer-Aided Design and Manufacturing
for Closed-Die Forging of Track Shoes and Links" covers the work performed
under Contract DAAG46-75-C -0041 by Battelle's Columbus Laboratories,
from November 11, 1974, to May 10, 1976. To enhance readability, this
final report has been written in the form of a summary text and detailed
appendixes. The reader, interested in the details of the mathematical
computations and computer program documentation, is invited to review the
appendixes, which form a significant portion of this report.

The project was supported by the Army Materials & Mechanics
Research Center (AMMRC), Watertown, Massachusetts, and by the U.S. Army
Tank Automotive Command (TACOM), Warren, Michigan. The TACOM liaison
engineer was Mr. G. B. Singh. The technical supervision of this work
was under Mr. Roger Gagne of AMMRC.

This project has been conducted as part of the U.S. Army
Manufacturing Methods and Technology Program, which has as its objective
the timely establishment of manufacturing processes, techniques, or equip-
ment to ensure the efficient production of current and future defense
programs.

This program was conducted in the Metalworking Section of
Battelle's Columbus Laboratories, with Mr. T. G. Byrer, Section Manager.
The principal investigators of the program were Mr. C. F. Billhardt, Staff
Scientist, and Dr. N. Akgerman, Principal Scientist. The program manager
was Dr. Taylan Altan, Research Leader. Other Battelle staff members were

consulted throughout the program as needed.
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COMPUTER-AIDED DESIGN (CAD) AND COMPUTER-AIDED MANUFACTURING (CAM)
FOR CLOSED-DIE FORGING OF TRACK SHOES AND LINKS

ABSTRACT

In this program, a computerized method has been developed (a) for
designing blocker and finisher dies for forging track shoes and links, and
(b) for manufacturing blocker dies via numerical control (NC) machining
techniques. The computer-aided design and manufacturing (CAD/CAM) method,
developed in this project has been incorporated in a system of computer
programs called TRACKS. This system has been verified by using two military
track-shoe forgings, the T-130 and the T-142.

TRACKS has the capability of designing dies for not only track
shoes and 1links, but also for a myriad of nonsymmetric forgings, provided
die design can be performed by analyzing the forging cross section by cross
section. The results of the program indicate that CAD/CAM techniques can be
successfully applied to designing of blocker and finisher dies for forging
nonsymmetric components, which do not exhibit any modularity and do not belong

to a geometric family.

INTRODUCTION

Many land and amphibious vehicles used by the Army require relatively
large quantities of track shoes and links. These are made from various alloys
of steel by closed-die forging, followed by finish machining. A considerable
portion of the manufacturing cost of track shoes and links is incurred in pro-
ducing the die sets (generally both roughing and finishing dies are needed),
and in the material scrap resulting from the forging flash. Excessive die wear
and unexpected breakage often add to these expenses.

The design of the dies, especially the roughing or blocker set, is
an intuitive art, highly dependent on the skill and experience of the designer.
After a best-judgment design is completed, a model is handmade in wood, plastic,




plaster, etc. This is then traced by a tracer milling machine to produce
the die cavity, or an EDM electrode from which the die is to be made.

These various steps require skill and experience on the part of the crafts-
men, and can take considerable time. After the forging dies are completed,
additional time and money is needed to test and refine their geometry.

Among the factors to be considered, or calculated, in designing a
forging process are the forging volume and weight, the volume distributionm,
flash dimensions, flash and scale losses, loads, stresses, and energies to
be encountered, and the selection of forging equipment(l’z)*. These same
factors must be considered for both preforming (often more than one) and
finishing operations. Computations of variables, such as the volume or
volume distribution are generally made by dividing the part into basic
geometric subelements, such as spheres, cones, cylinders, rectangles, etc.,
for individual evaluation. Such procedures are inexact at best, require a
great deal of time, and provide many opportunities for human error. Other
variables may be determined strictly by judgment and/or experience.

The selection of equipment and the positioning of the dies under
the selected forging equipment require the prediction of (a) the maximum
forging load, (b) the forging energy, and (c) the center of loading in the
die. The determination of center of loading and its positioning at the
center of the press ram and bed reduces off-center loading and improves the
tolerances in the forged part. These variables can be determined much more
efficiently and accurately by using computerized procedures. Once the pre-
forming and finishing dies are designed, computer techniques can also be
used for manufacturing the dies by numerical control (NC) machining. Thus,
die manufacturing cost are lowered and accuracy of the dies improved.

It has been shown that computer-aided design (CAD) and computer-
aided manufacturing (CAM) techniques can be successfully applied to families
of parts, such as turbine and compressor blades, to reduce the amount of

(3,4,5)

judgment required to produce forging tools Furthermore, these

technologles can result in lower tool manufacturing costs, and better

* References are listed at the end of the report.




finished parts with less scrap losses. This project will extend the use of
CAD/CAM to parts in the track shoe family.
The success of any manufacturing technology program depends mainly
upon two factors:
(1) The quality and the usefulness of the work, from a
technical point of view
(2) The acceptance, application, and use of program

results by industry and others active in that field.
OBJECTIVES

The overall objectives of this program were: (a) to reduce manu-
facturing costs and improve productivity in forging track shoes and links,
and (b) to reduce the lead times, which are traditionally long in supplying
forged parts.

These objectives were addressed as follows:

(1) Reduced die manufacturing costs through the
application of numerical control (NC) techniques
and computer-aided design. At this time, dies
are manufactured by copy milling a graphite
electrode from a model and Electro-Discharge
Machining (EDM) the dies. Copy milling takes
longer time than comparable NC milling operations;
consequently, application of Computer-Aided
Design (CAD) and NC is expected to reduce die
manufacture costs.

(2) Improved die life by more thorough analysis of the
loads and stresses involved. Using the analysis of
metal deformation in forging, the loading and
stresses encountered during forging may be accurately
predicted. Thus, it will be possible to design the
die so as to obtain the maximum deformation at each
state without exceeding the stress level which could

damage the dies or the press.




(3) Improved dimensional tolerances and part-to-part
consistency brought about by extended die life,
and more exact duplication by NC machining when
several die sets are required.

(4) Material savings by the reduction of flash
losses. Through improved design of the dies and
the forging process, less material will be lost
into flash, as scrap.

With successful implementation of the results of this program,
potential cost reductions (including material savings, die cost reduction,
and reduction of machining) could be substantial since track shoes and
links are produced in very large quantities. In addition, the potential
benefits of the CAD/CAM techniques, developed in this program, include the
improvement of dimensional consistency, and reduction of lead times for new

and modified track-shoe designs.

PROGRAM HIGHLIGHTS

This program was conducted in 18 months. The following are the
major tasks that were performed:

(1) Develop Computer-Aided Techniques for Die Design.

Computer-Aided Design (CAD) programs were developed
to automate the forging process design procedure.
Given data as to geometry and material properties
of the forging, these programs calculate such
parameters as part volume, cross-sectional areas,
perimeter, expected forging load, energy required
as well as design of the preform. These programs
were written in a generalized form. For designing
the dies and calculating the process parameters,
the user interacts with these programs via a

graphics display terminal.

ﬁ




(2) Develop Computer-Aided Techniques for Die Manufacture.

(3)

(4)

Once the preforming dies are designed via a computer
program, since the geometry is already in the computer
system, it 1s economically very attractive to develop
the cutter paths for NC machining of the preforming
die surface. Therefore, a system of computer programs
were written that have the capability of automatically
describing a surface, blending the various preform
cross sections and calculating the cutter paths for

NC machining of the surface.

Verification of the CAD/CAM Methods. This task was
carried out in parallel with the CAD and CAM system

development described above. The T-130 track shoe
was chosen as a typical part. Calculated loads were
compared to loads measured in practice, computer-
aided preform designs were compared to present designs
and models were machined by Numerical Control (NC)
machining.

Evaluation of Program Results and Generalization of

Computer Programs. This task was also performed in
parallel with the others. Although the T-130 track

shoe was used, the generality of the computer programs
was always a major consideration. Towards the end of
the project, the computer programs were applied to a
T-142 track shoe in order to demonstrate the general
applicability of the system of computer programs.
Whenever possible, close cooperation was maintained
with track-shoe manufacturers so that project efforts
could be evaluated on a timely basis. Additionally,
that familiarity resulting from this cooperation will
lead to wider and faster acceptance of the methods

developed.




GENERAL BACKGROUND ON COMPUTER-AIDED DESIGN AND
MANUFACTURING (CAD/CAM) IN FORGING

Due to lack of well-established quantitative engineering methods,
the computer has not been used extensively in forging applications. Recently,
however, computers have begun to be increasingly applied to solve technical
problems in forging process design and die manufacturing. Some of these
applications are already routine operations in forging plants, others are
used only at research and development laboratories or on an exploratory
basis. Examples for uses of computers in forging are: (a) computer-aided
cost estimating, where weight of stock, cost of die manufacturing, cost of
auxiliary operations (such as shearing and heating of billets, trimming of
flash, heat treating, cleaning, and inspection of forgings), and cost of
forging operations are determined by a computer program, (b) use of computer
programs in predicting load and energy requirements for a given operation,
(c) computer-aided design of selected preform cross sections, (d) numerical
drafting and NC machining of templates, and (e) NC machining of forging dies
or graphite electrodes for EDM of the dies.

Recently, the Air Force Materials Laboratory sponsored a Manufac-
turing Technology Program on the "App%é;ation of CAD/CAM Techniques in
"

Forging of Aircraft Structural Parts The main purpose of this program
was to develop a computer-aided method for (a) designing the forging process,
particularly for the preforming and the finishing dies, and (b) NC manufac-~
turing of the forging dies. The vast difference between the geometries of
aircraft structural parts and track shoes precluded the use of portions of

the work reported in Reference (6). However, this prior work was very use-
ful as a guide in formulating the overall conceptual approach to realizing a
successfully operating CAD/CAM system. Contrary to aircraft structural parts,
track shoes do not exhibit geometric modularity; therefore, their analysis and

preform design requires a more global approach.




Computer-Aided Design of Preforming Dies

In order to achieve adequate metal distribution, many closed-die
forging operations need intermediate steps, commonly known as blocking or
preforming. In the final forging operation, defect-free metal flow, com-
plete die filling and minimum flash loss can be achieved only by proper
design of the preforms.

In many forge shops, preform or blocker dies are designed by
experienced die designers mostly by intuition and by using empirical guide-
lines. Recently, preform design has been computerized for rib-web type
forgings(6).

A detailed review of many rib-web type structural parts reveal
that almost all structural cross sections can be divided into basic compo-
nents of L-shapes, as shown in Figure 1, where 10 different L-shapes form
the cross section of a forging. Hence, once a generalized design procedure
for the basic L-shape is set up, the computer-aided technique can easily
combine the basic modules in a building-block manner to obtain preforms for
many parts. Further, by modifying certain design parameters, such as the
ratio of the web thickness of the preform to that of the finish part,
different preform shapes can be designed for different materials to be

forged in different forging machines.

FIGURE 1. DECOMPOSITION OF A RIB-WEB TYPE FORGING CROSS
SECTION INTO ITS COMPONENT L-SHAPES




Since track-shoe cross sections do not exhibit the modularity of
most structural parts, one is forced to assume a global approach to preform
design and consider a given cross section as a whole. A literature survey
was conducted comparing finish die designs to the corresponding preform
designs in order to develop mathematical guidelines suitable for automating
preform design. These guidelines yield an acceptable preform most of the
time, although not always (see Appendix VII). Therefore, extensive inter-
action capability was implemented so that the experience of the user can be
brought to bear on the computations to obtain an acceptable preform.

The computational speed of the computer and the visual perception of

the designer complement each other in producing a preform design.

Computer-Aided Design of Finish Forging Dies

Apart from the geometry of the forging, it 1is the flash configura-
tion that determines the finish die geometry. Flash dimensions directly
influence the stresses and loads encountered by the dies during forging.
When the stresses exceed the allowable levels, dies either crack or deform
permanently. By varying the width and thickness of the flash, the stress
distributions and the peak stress can be varied. A thicker flash will
result in a lower peak stress. A shorter flash land will also have the
same effect.

In determining the flash dimensions, the designer makes a compro-
mise between the maximum allowable stresses on the dies, the capacity of
available equipment, and the amount of excess flash material needed to £fill
the die. This decision is best made by using an interactive graphics
terminal which displays the stress distribution and the average pressure,

as seen in Figure 2 for a track-shoe cross section.




Shear
surface
Stress

distribution

FIGURE 2. TYPICAL FORGING CROSS SECTION, THE SHEAR SURFACES OF THE
FLOW MODEL (BROKEN LINES), AND THE CALCULATED STRESS
DISTRIBUTION FOR A GIVEN MATERIAL AND FLASH DIMENSIONS
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Manufacturing Forging Dies by
Numerical-Control (NC) Machining

The forging dies, or the electrodes for EDM of these dies, are
usually manufactured by copy milling. For this purpose, it is necessary
that a skilled model maker first makes a model from wood, plaster, or
plastic. At the present state of the art, NC machining is most economical
for parts of the same geometrical family and for certain parts exhibiting
symmetry. The economics of NC are apparent especially when NC and conven-
tional die-sinking techniques can be combined. In this case, the majority
of the die surface is machined by NC while the details of machining the
corner or the fillet radii can be carried out conventionally. The most

significant characteristics of copy and NC milling can be compared as

follows:

Characteristic/Application Copy Milling NC Milling

Parts with symmetry Special machine or Same NC tape/simple
model necessary program change

Changes in part Difficult to Easy to program
introduce

Delivery for dies Long Short

Cutting time Long Short

Accuracy/Reproducibility Acceptable Excellent

Shrinkage Included in Model Simple to program

Set-up time Long Short

Space requirements More Less

Skill is with Model maker NC programmer

When preform design is performed via computer programs, it is
economically very attractive to go one step further and produce a tape for
NC machining of the preform surface. This economic advantage is based on
two observations: (1) The geometry is already in computer readable form,
and (2) the geometry is defined by cross sections which are to be '"blended"
by the model maker. Thus, a generalized blending algorithm can take care

of most of the surface.

|
=

|
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Computer programs were written which process the output of the
preform design stage defining blends between cross sections, and calculate
the cutter paths for NC machining of the EDM electrode for the preform die.
Frequently, track shoes and links exhibit at least one axis of symmetry,

thus enhancing the economics of NC.

DEVELOPMENT OF THE CAD/CAM SYSTEM FOR TRACK-SHOE FORGING

Program Approach

The CAD/CAM approach used in this program is outlined in Figure 3.
The system of computer programs developed is called TRACKS. The use of TRACKS
for designing forging dies starts with the description of the forging. The
data base consists of cross sections of the forging. These cross sections in
turn are expressed in terms of x,y,z coordinates and the associated fillet or
corner radii. These data are first operated on by the preprocessor, which
translates them into internal canonical forms and calculates such geometric
parameters as cross-sectional area, perimeter, etc. These preprocessed data
are optionally operated on by the analysis section or the preform design
section, or both. The operation and use of the system of computer programs
TRACKS are detailed in Appendix I.

Given the material properties under the contemplated forging
conditions, the analysis section can calculate the expected stress distribu-
tion for various flash configurations. The maximum stress is typed out and
the stress distribution is displayed graphically. The predicted forging load,
the energy required and the average pressure are also calculated. Maximum
stress, average pressure or load can be used as a criteria for choosing a
suitable flash geometry. The method used in calculating stresses and loads
is detailed in Appendix III. Energy calculations are based on the technique
explained in Appendix V.

The preform design section, although capable of designing a pre-
form automatically in some cases, has extensive interactive capabilities for
modifying a given geometry. The experience and visual perception powers of a

die designer is coupled via interactive graphics to the computational power




Forging Part
Description
(Cross Sections)
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Preprocess
The Input

Areas, etc.

Y

Cross Sections in
Canonical form,
Geometric Parameters

» Stock Volume, Cross Sectional

Y

Analysis: Load &
Energy Calculations
Flash Design

Load & Energy Required.
Plash Geometry

Y

Preform Design

p——> Preform Geometry

4

Preform Cross
Sections,
Die Block Size

Surface Blending
Cutter Paths

——— NC Tape

FIGURE 3. FUNCTIONAL OUTLINE OF THE CAD/CAM SYSTEM FOR TRACK-SHOE FORGINGS
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of the computer. Through interactive graphics, the preform design is
modified until the designer is satisfied with the result.

The output of the preform design section is saved for subse-
quent input to the NC section where preform cross sections are blended
together and cutter paths are calculated. A complete NC tape file is
generated for machining the EDM electrodes to sink the preform die
cavities. The techniques used in blending the cross sections are

explained in Appendix IV.

System Concepts

Early in the program, it became apparent that perception played
a vital role in preform design. Die designers were basing their decisions
not only on volume distribution, but also on the relationship between the
geometric features of a given cross section. Perception is nearly impossible
to program, especially when the geometry under consideration does not exhibit
any modularity as in track-shoe cross sections. Designers, on the other hand,
can perceive the subtle geometric relationships between the features of a
cross section at a glance. Thus, interaction between the man and the machine
is required. This can best be achieved via interactive computer graphics.
The best hardware for this task is a refreshed graphics tube with a light pen.
Such an interactive graphics terminal might be connected to a time-sharing
service. However, due to the high volume of data required for graphics, in
order to be responsive, such a system should possess high data transmission
speeds. High data rates are usually not readily available on time-sharing
systems. Instead of a large time-sharing computer, a minicomputer could be
used. This choice, although slower in performing arithmetic, has the follow-
ing advantages:

e Stand alone unit, dedicated to shop operations

e Extremely powerful graphics capability

e Relatively inexpensive hardware.
Thus, the CAD/CAM system for track-shoe forgings was implemented on a mini-
computer system. The major hardware components, shown in Figure 4, necessary

for successful operation are:
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FIGURE 4.

PDP-11/40 MINICOMPUTER SYSTEM WITH REFRESH GRAPHICS
DISPLAY TERMINAL USED IN DEVELOPING THE "TRACKS"
SYSTEM OF COMPUTER PROGRAMS
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e PDP-11 with at least 28k of memory

e One disk drive

e VI1l display processor and graphics tube

e Keyboard terminal.

Hardware and operating system software requirements are detailed

in Appendix VI.

System Capabilities

The actual software employed reflects the functional outline of
Figure 3. As is the custom in conventional die design, the CAD/CAM system,
called TRACKS, also works with cross sections. Initially, a data file con-
taining the sections that are to be considered during design, 1s created.

Given a forging drawing, a die designer selects the sections he
wants to work with. A draftsman would then obtain the coordinates describ-
ing these cross sections. Another means of obtaining accurate descriptions
of the cross sections would be an APT part program. (APT is the major part
programming language for NC machining). This approach would be attractive
especially if the finish die is to be NC machined. Then parts of the same
APT program can be used for both NC machining and sectioning purposes.

Design is performed one cross section at a time; sections need
not be ordered consecutively on the data file. Once a cross section is
read in and processed, it is displayed to the user, who then has the option
of stress analysis, preform design, switching to another section or stopping.
Similarly, in each phase, various options are presented to the user. It is
possible to cycle through the various phases testing different design optioms.
The light pen is used extensively as a natural tool for interaction between
man and machine. The light pen is used to point to objects on the screen as
well as to move the dies up and down in order to visualize how the preform
fits in the finishing dies.

The CAM phase can be entered after preform designs are completed,
or if a file of preform cross sections are available, it can be executed
immediately; this allows slight modifications to the positions of the cross
sections. Given a cutter diameter, the CAM phase blends the cross sections

and calculates the cutter paths necessary to machine the preform surfaces.
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Finally, an NC tape file is generated which can be punched onto paper tape
and taken to an NC machine for manufacturing a model or an electrode.

It is possible to produce various intermediate preform designs
(blocker designs) by using the preform design file as input to TRACKS.
Appendixes II, VII, VIII, IX contain the details of the computer programs
that make up TRACKS.

System Limitations

The system of computer programs, TRACKS, has a number of limita-
tions which a potential user should be aware of. These limitations do not
affect the application of TRACKS to track shoes and links; however, they
will limit the immediate applicability of TRACKS to some other forgings.

It is believed that most of these limitations can be removed by the addition
and/or modification of appropriate subroutines. These known limitations
include:

(1) At present, TRACKS cannot handle cross sections which

exhibit plane-strain metal flow and which have a

flash land on only one side. Two kinds of metal flow,
axisymmetric (radial flow) and plane strain (parallel
flow), cover most of the flow patterns in a given forging.
Cross sections of a forging represent either axisymmetry
or plane-strain metal flow. Each cross section can have
a flash land on one side or on both sides. Thus, poten-
tially, four types of cross sections are possible. At
present, axisymmetric cross sections with flash on one
side and on both sides, as well as plane-strain cross
sections with flash on both sides can be handled by
TRACKS. The ability to handle plane-strain cross
sections with flash on one side could be added in the
future, if required by the users.

(2) At present, only preforms for plane-strain cross sections

and not those for axisymmetric sections can be manufactured
by TRACKS. The manufacture of preform templates for round parts

would involve the addition of a new subroutine.
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(3) 1Ideally, TRACKS should be able to handle a mixture
of plane strain and axisymmetric cross sections, be
able to place them correctly in space, and calculate
the blends in between and determine the cutter paths
for NC machining. At present, TRACKS can only pro-
duce NC tapes for parallel plane-strain cross sec-
tions. To implement the ability to handle a mixture
of cross sections would require considerable addi-
tional effort and may not be necessary 1n most

practical cases.

APPLICATION OF "TRACKS" TO CAD/CAM OF TRACK-SHOE FORGINGS

The system of computer programs, called TRACKS, was tested by
applying it to the T-130 track shoe. Cross sections of this track shoe
were used as test data throughout the development of TRACKS. The upper
and lower surfaces of T-130 are shown in Figures 5 and 6, respectively.
The five cross sections (labeled 2-6), used in this application, are
depicted by the dotted curves in Figures 5 and 6.

Data Preparation and Input

Each cross section of a forging is represented by a polygon.
The polygon, in turn, is described the xX,y,z coordinates and the associated
radius at each vertex. These data are obtained from the finish forging
drawing and tabulated by a draftsman. A disk file of the data for use by
TRACKS 1is created using program ENTRDT (see Appendix IX). Alternative
methods of creating this data file on the disk would be via punched cards
or punched tape. The required format of the data file is detailed in
Appendix VII.
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FIGURE 5. UPPER SURFACE OF T-130 TRACK-SHOE FORGING
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FIGURE 6. LOWER SURFACE OF T-130 TRACK-SHOE FORGING
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Load and Stress Calculations

Load and stress calculations were performed using the cross-
sectional data for the T-130 track shoe, as seen in Figures 5 and 6. In
this procedure, the stress distribution and the average pressure are
determined for each cross section. Using the '"depth" of a cross section,
the forging load acting on that cross section is calculated. The sum of
all these loads per cross section gives the total forging load.

At the start of stress calculations, each cross section is dis-
played to the user at the cathode ray tube (CRT). The user is asked by
the computer to point to the cavities, or ribs, of the cross section so
that a metal flow model can be determined by the computer program.

Figure 2 illustrates the flow model with the 'shear surfaces' along

which metal flows after the die cavity and all the ribs are filled. The
user 1s also asked to input (a) the friction factor, f, (b) the flow stress,
o, of the forged material under the particular forging conditions, and (c)
the flash dimensions.

The friction shear stress, t, at the die-forging boundary is ex-
pressed as T = f 0. The friction factor, £, is usually determined by con-
ducting a ring test under forging and lubrication conditions, similar to

those encountered in production(l’z).

In mechanical press forging of steel
components with graphite-based lubricants, f has been found to be between
0.2 and 0.3(2). In estimating the stresses and the load for forging the
T-130 track shoe, the friction factor, f, was estimated to be f = 0.25, at
midrange of values measured for practical conditioms.

The flow stress, 5, of the forging material is primarily influ-
enced by the rate of forging, i.e., strain rate, é, and the forging tempera-
ture, 6. In the present program, the flow stress, 5, was estimated from
(2). The T-130 track shoe

is forged from AISI 4140 steel. There are no published flow-stress data at

experimental data available from previous studies

forging temperatures available for this alloy. However, under forging con-
ditions, the flow stress of this material is close to that of AISI 1045 on
which flow-stress data are available. The maximum forging load is measured
in the finish forging stage, which is the third forging station in track

shoe forging with a mechanical press. The first two stations are preblocking

and blocking, or preforming. In finish forging, the stock temperature can be
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expected to be about 2000 F. The amount of deformation, or strain, e, is
relatively small and is in the order of € = 1. The strain rate, é, is
between 16/sec to 20/sec, as measured in earlier investigations(z). Thus,
for AISI 1045, using 6 = 2000 F, ¢ = 1, and é = 18, the flow stress, o, is
estimated from the data, given in Reference 2, to be ¢ = 15,000 psi.

Using f = 0.25, ¢ = 15,000 psi at 2000 F average forging tempera-
ture, the computer programs calculate 3500 tons as the total load required
to forge the T-130 track shoe. This figure is based on a flash geometry of
flash width = 0.250 inch, flash thickness - 0.125 inch. This track shoe is
forged in a 4000-ton Erie mechanical press(7). Thus, it appears that the

calculated load values are well within acceptable engineering tolerances.

Estimation of Forging Energy

The energy required to produce a forging is the area under the
load-stroke curve, as illustrated in Figure 7. The knowledge of the required
forging energy is especially critical in mechanical-press forging, as it is
practiced in producing track shoes. If the energy required by the forging
process equals or exceeds that available in the mechanical press, then the
press will slow down by an unacceptable amount, thereby limiting the produc-
tion rate.

In order to estimate the forging energy, it is necessary to calcu-
late the forging load at various stroke positions. Due to complexity of the
parts considered in this program, calculating the load at each stroke position
is an extremely complicated task. Therefore, an approximate method for energy
calculations was developed. The details of this method are given in Appendix V.

—

Briefly, the track-shoe forging is considered as a simple rectangu-

lar part with two round ends, as seen in Figure V-2 of Appendix V. The cavity

and flash dimensions of this "simplified" forging are calculated such that
this forging simulates, fairly closely, the actual track-shoe forging. Thus,
the load-stroke curves of both "simplified" and actual forgings are expected

to be similar so that the areas under the load-stroke curves, i.e., the energy in

inch-tons, will be approximately the same in both actual and simplified cases.
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FIGURE 7. SCHEMATIC ILLUSTRATION OF METAL FLOW AND
LOAD-STROKE CURVE IN CLOSED-DIE FORGING
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Using this approach, the energy necessary to forge the T-130 track
shoe from a round-cornered square forging stock is estimated to be about
5400 inch-tons. Considering that the maximum forging load is estimated to
be about 3500 tons, the calculated value of the energy appears to be quite

reasonable.

D O D D BN T B N NS BE D S S = ﬁlll B U BN = e

Preform Design

After calculating the load on each finish section, each section
was modified to create the preform geometry. Guidance of general nature
for this design process was provided by the design engineers of FMC's Steel
Products Division. In general, many of the small details of the finish
forging cross section were eliminated and radii were enlarged to permit
easier metal flow from the billet into the preform die. The finish and pre-
form geometries for Sections 2-2 and 4-4 are shown in Figures 8 and 9. The
other sections were modified in a similar manner.

The preform design is constructed on the cathode ray tube (CRT)
screen by interacting with the computer via the light pen and the keyboard.
The features of the finish-die geometry 1is used to create the preform die
geometry. The computer 1is used to‘perform all the necessary arithmetic;
the designer performs all the decisions that require visual perception.

Figure 9 illustrates the capability of "opening and closing' the
dies on the screen. The user can "move'" the upper and lower dies, as well
as the preform, on the screen using the light pen. This gives the designer
the ability to visualize how his preform fits into the finish dies, especially
the location of the initial contact points (pickup points) which have a bear-
ing on expected die fill.

As the preform design for each cross section is completed, the
geometry 1s saved on a disk file for subsequent use by the CAM section. The

details of the preform design procedure are given in Appendixes I and VII.
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FIGURE 8. T-130 TRACK SHOE, SECTION 2-2. PREFORM SECTION
AND FINISH DIES (Dies Closed)

FIGURE 9. T-130 TRACK SHOE, SECTION 4-4. PREFORM SECTION
AND FINISH DIES (Dies Open)
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NC Machining of the Preform Surface

After the designs of the preform cross sections are completed,
the CAM section of TRACKS 1is entered. The major input to this section is
the file created by the preform design section. In addition, the desired
draft angle between adjacent cross sections and the cutter diameter are
also input.

The preform surface was generated, based on a 7-degree draft
between adjacent sections, and a 2-inch vertical feed at the start and
end of the cut.

Plots of the upper and lower cutter center-line paths are shown
in Figures 10 and 11. Figures 12 and 13 show the wood preform models which
were produced. Each model was made in two steps. They were first rough
machined using an 0.500-inch diameter ball mill, and then finished with an
0.250-inch diameter ball mill. Separate tapes for each cutter size and
each surface were used. The tapes contained from 33,280 characters, for
the shortest tape, to 41,500 characters, for the longest tape. This is
cquivalent to a length range of 280 ft to 350 ft.

In Figure 12, the photograph of the upper surface preform model,
a block can be seen behind the large "horn" projection. This was added to
prevent the horn from breaking off from the main body while being machined.
It should also be noted that NC tapes were made for only half the track
shoe since the track shoe is symmetrical around the X-Z plane. The other
half of the preform model can be machined by using the mirror image function
of the numerical controller on the NC milling machine. Thus, Figures 10, 11,
12 and 13 are only for one-half of the blocker for the T-130 track shoe.

Application to Other Track Shoes and Other Forgings

In addition to the in-depth evaluation of TRACKS, using the five
sections from the T-130 shoe, three sections from a T-142 shoe were also
tested. A current supplier of the T-142 was not contacted, so the quantita-
tive results were not evaluated. However, all functions and capabilities for

load analysis, preform design, and surface generation operated properly. The




T-130 TRACK SHOE PREFORM CUTTER PATHS FOR 0.5-INCH BALL MILL (Upper Surface)

FIGURE 10.
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FIGURE 11. T-130 TRACK SHOE PREFORM CUTTER PATHS FOR 0.5-INCH BALL MILL (Lower




FIGURE 12. NC MACHINED WOOD MODEL OF T-130 TRACK-SHOE UPPER SURFACE PREFORM




FIGURE 13. NC MACHINED WOOD MODEL OF T-130 TRACK SHOE, LOWER SURFACE PREFORM
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expected forging load was calculated to be about 4150 tons, assuming the
same forging conditions as for T-130. This track shoe has a smaller plan
area than T-130; however, as seen in Figure 14, overall it is a much
thinner part, thus requiring the higher load.

Although TRACKS was developed for track shoes and links, it can

be used for most any forging application.

SUMMARY AND CONCLUSIONS

In this project, a system of computer programs for computer-aided
design and numerically-controlled machining of preform forging dies was
developed. This system is implemented as a stand-alone system on a mini-
computer. It is capable of calculating the expected forging load, the stock
volume required, the plan area and average forging pressure. In addition,
the system is capable of designing preform cross sections via interactive
graphics and determining the cutter paths for NC machining blocker dies.

Although the system was developed around a track shoe, it is
completely general in its applicability. Track shoes do not exhibit any
geometric modularity; therefore, the computer programs were written so as
to be able to handle most any cross-sectional geometry. Thus, not only
track shoes and links, but also crank arms, gear blanks and other forgings
could be processed through TRACKS.

Load and energy calculations are useful not only in forging
press selection, but also as an indirect guide to estimate die life.

Stress calculations can guide the designer in determining the optimum

flash dimensions. Although restrictive flash geometry is desirable to
promote die fi1l, it also results in high die stresses. The stress distri-
bution determined by TRACKS could be used as a guide for preventing die
breakage. In the ideal case, the same stress distribution would be needed
as part of the input (boundary condition) to computer programs for analyzing

the stress state within the die in order to prevent premature die failure.
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FIGURE 14. CENTRAL CROSS SECTION OF T-142 TRACK SHOE
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Our survey of preform design techniques showed that there are some
general guidelines, but no one method that is applicable to all forgings.
Accordingly, preform design must utilize the experience of the designer.

CAD techniques speed up the calculation and drafting portion of preform
design and they enhance accuracy and reproducibility. Since manipulation

of geometry is the major activity of the design process, interactive graphics
is the most natural way of establishing communication between the computer and
the designer.

NC machining of preform appears to be economically attractive since
the geometry is already in computer readable form. Also, the geometry is truly
defined only on the cross sections. The surface in between the cross sections
is left to the die maker to '"blend in'". Approximately 80-90 percent of this
blending can be done satisfactorily by computer programs and by NC machining.
This approach speeds up the die manufacturing process and ensures high repro-
ducibility in die making. After NC machining of most of the preform surface,
the 10 to 20 percent of the metal removal that is left is best done by hand.

The system of computer programs, TRACKS, should be considered as
only a starting point in updating existing methods of forging die design and
manufacture. Additional work needs to be done in implementing such a system,
in evaluating the results, and for modifying the system as needed so that
CAD/CAM application in forging becomes a routine procedure, used daily under
production conditions.




(1)

(2)

(3)

(4)

(5)

(6)

(7)
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APPENDIX I

OPERATION AND USE OF TRACKS CAD/CAM SYSTEM

TRACKS is a system of programs which is intended to handle a general

class of closed-die forgings typified by track shoes for crawler vehicles.

It

develops the parameters (area, perimeter, center of gravity, etc.) for given

cross sections, and performs stress analysis and preform (blocker) design.

The following conventions are used in structuring the system:

(1)

(2)

(3)

ANSI FORTRAN IV standards are followed as much as it

is practical,

A cartesian coordinate system is used with each cross

section being in a plane parallel to the direction of

ram motion, indicated by the Z axis. For the purpose

of analysis, the plane of each cross section is ro-

tated to the Z-X plane of the screen of the cathode

ray tube (CRT), or to that of the paper, as illustrated

in Figure I-1.

The coordinate points of the polygon, which represents

a given cross section, are assumed to be in clockwise

order. Such a polygon is shown in Figure I-2, for the

center cross section of the T-130 track shoe. The first

point of the polygon is located as follows, Figure I-3:

(a) For plane-strain sections, point 1 is the left-hand
parting line (i.e., it has the minimum X value when
viewed normally to the section).

(b) For axisymmetric sections with single flash (i.e.,
ple-shaped sections of a solid disk), the axis of
symmetry is on the left side of the part, and
point 1 is the midpoint along the axis between the

upper and lower surfaces.
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FIGURE I-1l. CROSS SECTIONS OF A FORGING AND ROTATION OF A
CROSS-SECTIONAL PLANE FOR ANALYSIS

(a) Cross Sections or Planes of Flow
(b) Finish-Forged Shape
(c) Directions of Metal Flow

FIGURE I-2. ORIGINAL INPUT POLYGON FOR THE CENTER CROSS SECTION
OF THE T-130 TRACK SHOE
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FIGURE I-3. COORDINATE NUMBERING CONVENTION USED IN
DESCRIBING A FORGING CROSS SECTION IN
THE FORM OF A POLYGON
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(c) For axisymmetric sections with double flash,
(i.e., pie-shaped sections of a disk with a
hole in the center), the axis of symmetry is
to the left of the section., The data are input
with point 1 being the X-Z coordinate of the
axis of symmetry. The location of the points
are altered within the program by saving
point 1 in a special location, and then
shifting all points backwards 1 location in
their arrays.

(4) When flash occurs on both sides, the minimum value
of X will determine the left-hand parting line. 1In
all cases, the maximum value of X will determine
the right-hand parting line.

(5) No more than two consecutive corners (negative radii)
are permitted, A rib may exist if a fillet/corner/
corner/fillet condition exists in this sequence.

(6) The program is intended to operate interactively with
a designer, using a Cathode Ray Tube (CRT) display
terminal. The program is not designed to rum in a
batch mode of operation.

The general procedure for analyzing and designing die sections, and
for developing the NC cutter data for the corresponding preform is shown in
Figure I-4. When started, TRACKS asks the operator to specify what is to be
done -- CAD(l) or CAM(2). By typing the appropriate numerical response, the
corresponding section is entered.

When the CAD (design) phase is requested, TRACKS asks the user to
specify the various data files to be used or generated, as follows:

(1) Print File -- used to store all results generated by

TRACKS for subsequent off-line printing. By having
results sent to this file, the hard-copy portion of
the terminal may be disabled. The user then inputs
data via the terminal keyboard, and receives output

on the CRT screen.
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(2) Data File -- the file where the input data 1s stored.

(3) Blocker Polygon File -- the file used to store the

data for the blocker (preform) polygon. This data
is a result of the modifications made to the finish
part polygon by the user during the design process.

(4) NC Prep File —- the file used to store the inter-

polated data for the upper and lower die surfaces.
This data is used in the CAM phase to generate the
cutter paths required to machine the preform models.

After the appropriate file names are entered, TRACKS asks for the
gutter limits. The gutter limits define the range, along the X-axis, of the
block from which the preform model will be machined. The minimum gutter
limit can be taken as the smallest X-coordinate of any cross section less one
inch; the maximum gutter limit is the largest X-coordinate of any cross
section plus one inch.

TRACKS next asks for the number of the section to be processed. If
no value is entered, it proceeds to operate on the data for the next section
in the data file. If a positive value is entered, a search is made of the
data file until a match is found between the value entered and a section with
the same number in the file. If a negative value is entered, the data file is
first rewound and then a match searched for. At start up, entering a negative
value has no effect since the data file 1s always opened in a rewound condition.

Flash parameters are requested next., If no value is entered, the
default value for each is used. The operator is then asked to indicate if
he wishes to have intermediate results saved. They will be saved only if
he enters "Y" (Yes). The intermediate results are primarily intended as
a diagnostic aid, to be used in case a program bug is encountered.

TRACKS then calls subroutine PRPROS to obtain the data for the
section specified. After finding and reading the data, preliminary analysis
of the section geometry is performed and the results are written on the CRT.
If this preprocessing results in any errors, ERRPRT is used to report the
problem. Depending on the nature of the error, TRACKS will either attempt
to continue or terminate the design process, after giving the appropriate

messages to the user,

|




|
|
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Figure I-5 is a listing of the man/machine dialog used when
starting TRACKS. Underlined text was entered by the designer. Where no
response is shown, the default values were used.

If no errors are encountered in PRPROS, PICTUR is used to (1)
add the flash dimensions to the cross section, (2) generate the small,
straight-line segments used to represent arcs on the CRT, (3) initialize
the graphics handler, and (4) draw the picture of the part. When PICTUR
1s completed, TRACKS asks the designer to indicate what operation he wishes
to perform next. The options available are:

e Next Section (1)

e New Flash (2)

e Stress (3)

e Preform (4)

e Done (5).

The number in parentheses indicates the next design step to be selected by the
designer. For example, by typing "3", the designer would initiate the stress
analysis procedure. TRACKS evaluates the designer's response and branches
accordingly.

If option 1, Next Section, is requested, TRACKS loops and asks for
the new section number and flash parameters. It then proceeds as described
above to find the proper section data and make the preliminary geometric
analysis. If option 2, New Flash, is requested, the designer is asked to
enter the new flash parameters, TRKFRG then recomputes the geometric
parameters based on the new flash values for the current section being
considered.

If stress analysis is requested, FLWSRF is started. This subroutine
first asks the designer to enter the coefficient of friction at the material-die
interface. This value depends on the die and billet materials, and the type of
lubricant being used. Its value generally linmes in the range of 0.20 to 0.40.
The user is then asked if new shear boundaries are to be used. If any response
other than "Y" (Yes) is entered, the previous boundaries indicated by the user
will be re-used. This feature allows a section to be analyzed for several

different flash geometries with the shear boundaries being indicated the first

time only.
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«R_TRACKS
CADC1)s CAMC2)+ DONE(3)? 1
PRINT FILE NAME? ¥T122PR4LST
DATA FILE NAME? *T17CSHeDAT

BLOCKER POLYGOY FILE NAME? #T1798L «DAT

NC PREP FILE NAME? xT13ZNCeDAT

GUTTER LIMITS? (MIN & MAX) -1¢%5) 345

FLASH PARAMETERS
NIDOTH (Pec53) ?
THICKNESS (J¢125) ?
RADIUS (B¢125) ?

FACTCR (£47) ?

SEND DETAILS TO PRINTER? (Y/N)

SECTICON NUMER? '
I

SECTICN NO» 2 IS IN PLANE STRAIN WITH DEPTH = @25 UNITS.

FLASH PARAMETERS:

WIDTH = De250s THICKNESS = DBe125s RADIUS = 0e125s FLASH FACTOR = bo
CROSS-SECTICN ARFA = 9¢29 PLAN AREA = 2+50 PERINETER = 23473
PART VNLUME = 2246 FLASH VNLUME = ded9 TOTAL VOLUME = 355
COORDINATES OF CENTRCID ARE X = 2e24 Y = Q.20

NEXT SECTION(1)s NEW FLASH(2)s STRESS(3)s PREFORM(4)s DONE(S)? 3

FIGURE I-5. TRKFRG OPENING DIALOG SEQUENCE. OPERATOR'S RESPONSES
ARE UNDERLINED. WHERE NO RESPONSE IS SHOWN, DEFAULT
VALUES ARE USED.
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If new shear boundaries are to be used, TRACKS then gives instructions
as to how cavity boundaries are to be indicated using the light pen. The upper
and lower die surfaces are made light-pen sensitive, and two light-pen sensitive
text strings, "ACCEPT" and "END", are displayed. When the operator touches the
light pen to one of the surfaces, a small cross (+) is displayed on the surface
at the location of the light pen. If the light pen 1is moved along the surface,
the cross will follow the light pen. When the pen is 1lifted from the surface,
the cross remains where it was last positioned. The operator is expected to
use the light pen to indicate cavity boundaries across which metal flow in
shear will occur. After positioning the cross on g cavity boundary, the
designer then touches the pen to the "ACCEPT" text. When he next touches
one of the surfaces, the original cross will remain where it was positioned
when accepted, and a new cross is created which will follow the light pen, By
repeating this process as often as necessary, the boundaries of all cavities
may be located. The program is so designed that boundaries must be identified
in a left to right sequence, and there must be an even number of boundaries
on each surface. When all boundaries are located, touching the "END" text
with the light pen terminates this operation. A section with the shear
boundaries marked is shown in Figure I-6. Subroutines GETPTS and FORCE handle
the placing of the crosses and finding the points on the die surfaces closest

to the points indicated by the operator.

After all points have been entered, subroutines ADDPTS and SHRPTS
are used to add two additional points on the shear surface between each set
of cavity boundaries. Subroutines MERGE, FILTER, and DEFREL are then used
to generate the arrays defining the deformation elements which will be used
for stress analysis. When the definition of the deformation element arrays
is complete, subroutine STRESS is started. This first asks the designer
for the material flow stress value to be used. A default value is provided
which can be used if desired. STRESS then calculates the stress on each
successive deformation element, resulting in the display of the stress
distribution curve and the printing of the stress results. The values
printed include the coordinates of the neutral surface and center of load,
the maximum and average stress, and the total vertical load.

Figure I-7 shows the material flow surfaces superimposed on the
stress distribution curve. The stress distribution curve is always plotted

as large as possible on the CRT, so scaling from the vertical axis is not
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FIGURE I-7.

A

“\%

CRT DISPLAY OF TYPICAL SECTION. SHEAR BOUNDARIES ARE MARKED
WITH CROSSES. (Dimensions shown were added by hand)

X Y
COORDINATES OF NEUTRAL SURFACE 4.026 1.9000
COORDINATES OF CENTER OF LOAD 5.033 1.00¢
MAXINUM STRESS (PSI)  122848.
AVERAGE FORGING PRESSURE (PSI) §8667.
TOTAL VERTICAL LOAD (TONS) 361.

SHEAR SURFACES SUPERIMPOSED ON STRESS DISTRIBUTION DIAGRAM
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When all stress and load values are computed and displayed, the
operator 1s asked if he wishes to save the finished die profile. If he
responds with a '"Y" (yes), the upper and lower profiles for the section are
copiled to the NC preparation file. The results for the load and center of
load for the section are added to sums maintained for the total load on the
entire part. The program then loops and requests the operator to indicate
what function is desired next.

If option 4, Preform, is selected, subroutine PFPREP is called.
This allows the designer to modify the polygon by adding and/or deleting
points, Points can be added at the intersection of two lines, or as
fillet or corner points anywhere along the polygon surface., A new rib can
be added opposite an existing rib. Any point specified can also be
deleted., Figure I-8 shows typical before and after views of a section
modified by PFPREP. When the basic polygon modification is completed,
subroutine PREFRM is used to alter the relationship and magnitude of the
polygon coordinates. PREFRM does not permit points to be added or deleted,
but it does allow them to be moved relative to one another. Sub-entities
of the polygon, such as ribs, webs, or radii, can be modified as a group.
Among the features of PREFRM is an "automatic' mode which attempts to
design the preform without guidance from the operator. The preform shape
shown in Figure I-10 was made using this automatic mode. The preform shown
in Figure I-9 was made using the automatic mode followed by further designer-
directed modifications. Other features of PREFRM include (1) the ability to
make hard-copy plots of the CRT display, (2) allow the operator to move the
preform relative to the finish die with the 1light pen to evaluate how well
the preform nests with the finish die, and (3) allow the operator to save the
completed preform polygon design on a disk file.

When PREFRM is completed, control returns to TRACKS. TRACKS then
lists the options available and awaits for the designer to enter his choice.
When Option 5, Done, is selected, TRACKS outputs the total load statistics for
all sections analyzed, calculates the energy required for the forging, and the

returns to the '"'CAD, CAM, DONE" inquiry.
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FIGURE I-8. MODIFICATION OF PREFORM POLYGON USING INTERSECT AND
DELETE FUNCTIONS OF SUBROUTINE PFPREP
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/" FINISH \
DIES '\ \ /\
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FIGURE I-9. EXAMPLE OF PREFORM DESIGNED USING SUBROUTINE PREFRM

. TTPPFR PINISH

FINISHED SHAPE . PREFORM SHAPE

4~

LOWER FINISH DIE
UNIT LENGTH
(= 1.0 INCH) '
4

FIGURE 1-10. PREFORM AND FINISHED PART SHAPES
SUPERIMPOSED ON FINISHING DIES
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The following summarizes the capabilities of the preform design
system. Additional details are given in Appendix VII for subroutine PFPREP
and PREFRM.

I. Add or delete points on polygon.

A. Intersect ~ Generate a new point at the intersection
of two lines defined by four points.
Delete - Eliminate the point(s) indicated.

C. Add Point - Add a new point where indicated on the
part surface.

D. Add Rib - Add four new points defining a rib. The
new rib will be located opposite the rib indicated.

II. Modify relationship of points.

A. Automatic - Expand all radii, shrink all ribs, and
balance volume.

B. Values - Print X, Z, and R values for points
indicated.

C. Balance - Adjust webs to provide volumetric balance
between preform and finish sections.

D. Ribs - Modify rib indicated.

E. Webs - Thicken or thin web between points indicated.
Radii - Expand or contract radius or radii indicated.

G. Ends - Shift parting-line points as specified.

H. Points - Shift points indicated by amounts specified
in X and Z.

I. Move - Allow the user to dynamically move the preform
outline and/or the finish-die profiles.

J. Save - Copy the modified section polygon to the blocker
file.

K. Plot - Copy the section and/or the finish die profiles
on the X-Y recorder.

L. Done - Terminate design and modification of current
section. Remain in analysis and design phase and

enter next section number if desired.
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A general overview of the CAD phase of TRACK is given in Figure I-11.
This indicates the major options available to the user.

The CAM (Computer-Aided Manufacturing)phase of processing is used to
generate the data representing the preform model of the part. The data used is
generated during the second pass through the CAD phase. (See Figure I-4). 1In
this operation, the coordinates representing the interpolated upper and lower
surfaces for each section are saved on the NC data file.

The system user dialog for the CAM phase is listed in Figure I-12.
The user's responses are shown underlined. Where no user response is shown,
the default value was used. Several points should be noted concerning the way
in which the sections are put in sequential order. These are:

(1) In response to "Y POSITION?", the value zero, or no response

indicates to the system that the default value is to be used.
Thus, for the first section which was to have a Y position
of 0.0, a very small but non-zero value was entered.

(2) Each transition between sections is at the same position
along the Y-axis. That is, Sections 2 and 3 are both at Y =
0.375, Sections 3 and 4 are both at Y = 1.75, etc. A true
vertical move is prevented at these transitions by later
specifying the draft to be 7 degrees. This results in
sloping the transition the amount specified.

(3) The sequencing and positioning of the sections is terminated

by entering -999 in response to ''SECTION NUMBER?".

(4) Because the part is symmetric about the X-axis, no flash was

specified for the first end. The opposite hand section
could be produced on the NC milling machine by using the
mirror-image capability of the NC controller.

No graphics are used in CAM processing. The computations required
to generate the surface profile are extremely lengthy, and the system becomes
compute bound. For this reason, periodic messages are output to the user to
assure him that the system is operating correctly. To view the results of

the CAM processing, stand-alone programs NCDATA or NCPLOT may be used. These
are described in Appendix IX.
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INITIALIZE FILES
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Y

SPECIFY SECTION NO.
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SPECIFY FLASH VALUEQ*]
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CALCULATE GEOMETRIC PARAMETERS:
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NEW SECTION (1)
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SPECIFY FRICTION
FACTOR & FLOW
STRESS
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LOCATE SHEAR
BOUNDARIES

!

CALCULATE MAXIMUM

STRESS, LOAD, ETC.
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A

FIGURE I-11.

CLOSE FILES

—

SELECT

|_DELETE (2) _ _|

ADD_POINT (3)

| ADD_RTB_(4) ]

DONE (5)

1
SELECT

[ VALUES (7)_

BALANCE (3)

[ RIBS () _ _ |

| WEBS (3) _ _ |

b e e T e

DONE (12)

GENERAL OPERATION OF CAD PHASE OF TRACKS SYSTEM
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eRUN TRACKS

CADC1)s CAM(CZ)s LCME(2)? 2

FLASH PARAVWETFRS

VIDTH (Pe252) 2

THICKNESS (74125) 2

RADIUS (€e125) 2

FACTOR (4¢7) 2
INPUT TILE? #T13CNCLUAT
UPPER OF LOVER SURFACFS? (U/L) U
SECTION NUMRER? ( 1 2
Y POSITION? (-1724770) +£C21
FLASH ON THIS FND7 (v/:) 3
SECTION NUMBER? ( 2)
Y POSITICN? ¢ Vef20) #2375
SECTION NU¥BER? ( Z) 3
Y PASITICN? (  Pa77%)
SECTION NUMPER? ( 2)
Y POSITION? ¢ 24775) 1475
SECTION NUMRER? ( 1) 4
Y POSITION? ¢ 1e75§)
SECTION NUYBFR? ( “)
Y POSITION? ¢ 14758) 245
SECTION MUMPFR? ( 4)
Y POSITION? ¢ 34376
SECTICN NUMBFR? ( S)
Y POSITION? ¢ 24530) 4a7S
SECTION MUMSER? ( 5) ¢

FIGURE I-12. SYSTEM-USER DIALOG FOR GENERATION OF NC CUTTER PATH DATA
FOR PREFORM MODEL
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Y PASITION? ( Le75C)
SECTION NuMgER? ( €)

Y POSITICN? ( Le75C) 745
SECTICN NUMBER? « 6) =939

e t—

FLASH ON THIS FND? (Y/N) Y

CLTPUT FILE FQOR NC TAPE? =*TESTsNC

RESOLUTICN (fs217)2

INITIAL Z-OISTANCE FrCY¥ FERT SIRF
CRAFT ANGLE? 7

RADIUS PF PALL END VILL? .25
X-Z PROUCESSING CCMPLETED
PLTH 17 COMPILETED

PATH 2¢ COVPLETED

PATH 22 CrMFLETED

PLTH A2 COMFLETER

PLATHY &3 COMPLETED

PATR 40 COMFLETED

PATH 723 COMPLFTED

EATH S22 COMPLETED

PATH 92 (CNrVMPLFTED

PATH 197 COMPLETED

CADCT)s CAMC2)+ DONE(I)? 2

FIGURE I-12.

1
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(Continued)
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*
DESCRIPTIONS OF GENERAL-PURPOSE COMPUTER PROGRAMé )

The geometrical properties of forging cross sections must be
known in order to determine the volume of a given forging. When the
sections of forgings are viewed closely, it is found that they have
cross-sectional areas bounded by a series of straight-lines and arcs of
circles (fillet or corner). In order to calculate the surface area, or
the perimeter of given forging cross sections, it is necessary to develop
hardware-independent subroutine programs which can handle any cross-
sectional geometry., Ideally, these subroutines must generate coordinate
data so that they can be interphased to any automatic drafting system by
means of customized postprocessor routines. Keeping the above requirements
in mind, and taking a modular viewpoint, several subroutines were written
to calculate area, center of gravity, perimeter of polygons bounded by
straight-lines and circular arcs, and to plot these points to any specified
scale factor. Brief descriptions of these routines are included in this

appendix.

Calculation of the Area of a Cross Section

The area of any polygon, as shown in Figure II-1, may be obtained
by the formula:

1
Ay =3 ¥y = x¥)) + (kgy) = Xy9) + o+ Gy, -xyy)) + Oy, - X y)

(II1-1)

where xl, Xys vevs X and yl, Yos ey ¥, are coordinates of consecutive corners

of the polygon with respect to a Cartesian coordinate system. A convenient

(*) A portion of this Appendix was originally prepared for the Air Force
Program on "Manufacturing Methods for a Computerized Forging Process
for High-Strength Materials", AFML-TR-73-284, prepared by Battelle's
Columbus Laboratories under Contract No. F33615-71-C-1689, January,
1974. It is included here for the sake of completeness.
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FIGURE II-1. DIAGRAM OF A POLYGON AND A RECTANGULAR
COORDINATE SYSTEM DEFINING ITS CORNERS
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FIGURE IT-2, SCHEMATIC DIAGRAM OF CORNER (i), ILLUSTRATING
THE ADDITIONAL CROSS-SECTIONAL AREA DUE TO
THE FILLET OF RADIUS Ry
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choice of coordinate system in a nonsymmetrical part, as is the case with most

aircraft structural parts, may originate at the parting line or at the datum

line, and one side of the pilece.
The area bounded by two straight lines and an arc of a circle, area

abc as shown in Figure II-2, may be calculated by:

2
Ap = R (can % - %) , (11-2)
where R i1s the radius of the arc and y 1s the included angle between two
radii as defined in Figure I1I-2, If AR is due to a fillet, then it is to be

added onto the area of the polygon, As; on the other hand, if AR is due to

a convex corner, it should be subtracted from AS.

Center of Gravity of a Cross Section

Center of gravity of the cross sections are used in the computation
of the shape-complexity factor. The center of gravity of any polygon, as
shown in Figure II-1, with respect to the y=axis is determined from the
equation:

1T(.2, .2 2. 2 ) ( 2. .2 ) ( 2. .2 )]
_ & [(x2y1 x1y2) * (x3y2 Xp¥p ) * oo T E¥na1¥no1Vn/ F K1 Ya T )

CG
S ' AS

(I1-3)

where Xps Xps eeey X and Yis Yps cees ¥, 3re the coordinates of the corners
of the polygon, and AS is calculated by Equation (II-1),
The center of gravity of an area, aebd as shown in Figure II-3,

bounded by two straight lines and the arc of a circle may be calculated by:

Axi - Rg cos © (11=4)

where Rg is the radius to the center of gravity from the corner and 0 is the

angle betwecen the direction of Rg and the x-axis, as shown in Figure II-~3, Thus,
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Xi1,Yi-1

L;\dﬁx""\{'"

: | ' b f »- X axis direction

g=(ara,)/2

FIGURE II-3, SCHEMATIC DIAGRAM SHOWING THE LOCATION OF THE
CENTER OF GRAVITY OF A FILLET AREA

|
y




136-5)

when Axi is added into X5 the location of the center of gravity of the area,

aebd, is defined., Since

xe = R (1 - CcoSs x), and x = R ( 1 )

2 c Y
cos 3
as defined in Figure II=3, then
i x A+ (x +x.) A
3 %¢ T ¢ R RR
R = A (II-5)
¢ R
where
AR 1s obtained from Equation (II-2)
~L (n:x> =
AT xC tan 7 (I1-6a)
'ARR = AR - AT (II-6b)
and )
3 2 2,.3/2
X X X (2Rx -x") 2
e a ce o e e _R [ g q _J2 5_1]
) ?;-tan > + > tan > + 3 > (xe R) 2Rxe X, + S
= E II-
R ARR/Z (11-7)

The area, ARR’ given by Equation (II-6b) may also be expressed as:

2 o 2 2'Y
= S - - . - uf . II-8
ARR Xq tan > + erxc (xe R) 2Rxe X, R 2 ( )

The angle, o, as defined in Figure II-3 is:
a=m-=-y .

Perimeter of a Cross Section

The perimeter of any polygon, the coordinates of whose corners are

vees Xos Yps You eees Y, may be calculated by:

- 2 2 Lo 2, 2
! =[1fz Voox, 2 + 0y ]+ Vo + G o e




At each corner, this value must be reduced by:
Ry - 2R tan T : (11-10)
This is due to the radius at that particular cormer; therefore,

P=P_ +

. IR, | (v - 2 tan %9 . (II-11)
1

s

1

Equation (II-11) will give the correct perimeter of a cross section,

i.e., of a planar shape bounded by a succession of straight-lines and arcs

of circles.

Fitting Circular Arcs to a Polygon

When working with planes defined as polygons with radil associated
with each corner or fillet, there are a number of places where it 1is necessary
to find the center of a radius, the tangency points of the arc with the polygon,
or the subtended angle of the arc. Such instances occur in FITARC or DECUSP,
for example. The following summarizes the mathematical derivations used in the
programming of CENTER which finds the center and tangency points. All the
symbols used are defined in Figure II-4, and this figure will be referred to
implicitly throughout the following discussion.

Knowing the coordinates of the three points which define a corner

or fillet of a polygon, the angles of each side can be found as:

6y = tan " [(¥,_, - Y,)/(X,_; - X,)] (11-12)

g™ P [y - Y /(X - X)) (11-13)

The angle of the bisector can then be found as the average of eB
and BE or

GA = (BB i BE)/Z c (11-14)
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FIGURE II-4. FITTING AN ARC TO A POINT ON A POLYGON
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Since the center of the arc lies along the bisector and the tangency
points intersect the sides of the polygon at right angles, half of the angle
subtended by the arc can be found as follows:

Since T = (SA - GE) +n/2+y (II-15)
(II-16)

S GE = BA + m/2

eE is subtracted in the above expression since the value returned by the function
is a signed quantity indicating both magnitude and direction.

Using expression for eA in the above gives:

- (eB + eE)/z + /2 (11-17)

<
[

%

= (6 - 65 +1)/2 . (1I-18)

<
|

Since the total included angle approaches 7 as (BB - eE) approaches m, the

following adjustment is necessary:

If v > /2, vy = (68, - SB -m/2 . (I1-19)

E

The absolute value of y is the magnitude of the half-subtended angle
and the sign of y indicates the direction of rotation of the arc. If y > ¢, the
arc is counterclockwise. If y < ¢, the arc is clockwise.

The center of the radius is next found as:

Xc = Xi + R cos(eA)/cos Y (11-20)
Yc = Yi + R sin(eA)/cos Y . (I11-21)

The distance, H, from the center to the tangency points can be

expressed as:
H/R = tan vy or H = R tan y , (I1-22)

using the absolute value of v.
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The tangency points themselves are then found as:

Xy = X, + H cos 6 (11-23)
YB = YC + H sin eB (I1-24)
and XE = XC + H cos GE (1I1-25)
Y, = Y, +Hsin 6, (11-26)

For the purpose of graphically displaying an arc, it is necessary to
simulate the arc as a series of short, linear segments. The smaller each of
these segments are, the better the representation will be. The technique for
calculating the end points of the individual segments 1is as follows:

With r = resolution desired in thousandths of an inch, the number

of segments needed is the arc length divided by the resolution, or

n = integer part of [1000 Ry/r + .5] . (11-27)

The angular increments can then be found as the total subtended angle divided

by the number of increments, or

a X X
8 2 (11-28)

The starting angle of the arc is found by knowing the center and the

first tangent point as

¢ = tan_l

(Y, - Y)/(x - X1 . (11-29)

Incrementing ¢b by the amount of 8§ for n times gives the coordinate points on

the arc as:

Xaj = Xc + R cos (¢ + 38) (1I-30)
Yaj = Yc + R sin (¢ + 38) (11-31)
where j =0,1,2, ... n : (11-32)
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Finding the Minimum Distance from a Point to a
Point on a Polygonal Surface

Given a series of points A, B, C, ... N, which define a surface from
left to right, a point on the surface can be found which is the closest to some

other point, P., by the following procedure.

’
Fromleach pair of adjacent points, i.e., C and D, a triangle can be
constructed with P1 as the third point (see Figure II-5). The lengths of the
sides of this triangle are then determined by Equations (II-33), (II-34), and
(I1-35), With this information, by using the Law of Cosines, the angles o and
B opposite P can be determined by Equations (II-36) and (II-37). If either of
these angles is obtuse, a normal to line CD passing through P does not exist
which lies between points C and D. 1In such a case, the point on the surface
closest to P is one of the points (C or D) defining the surface. Comparing

the lengths L. and L2 to the previously found or established minimum will

1
indicate whether or not a new point nearest to P has been found.

B 2 2,1/2 e
Ll = ((XPZ = Xc) & (YPl - YC) ) (I1-33)

_ 2 2.1/2 .
L, = ((Kpy = X7 + (Y, = YD) (11-34)

2 2.1/2

L3 = ((XD - XC) + (YD - YC) ) (II-35)

2 2 I _
cos a, = (Ll + L3 - L2 )/ (2 Ll LZ) (11-36)
cos B, = (L - + L o I 2)/(2 L..L.) (11-37)

1 2 3 1 =) e 3]

If « and B are acute, a normal through P exists which passes through
the line defined by the surface coordinates (see Figure II-5), Therefore, the
normal from P2 intersects line L3 between the end points I and J defining L3.
Using the fact that if 2 lines are normal to each other, the slope of one is
the negative inverse of the slope of the other, the coordinates of the point
of intersection, P3, can be found. Comparing Ln to the previously determined,
or established minimum value will indicate whether a new point, closer to P

than any other, has been found.
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The amount of searching required to find the point on the surface
closest to P can be limited by using the fact that the surface is defined from
left to right. Since the solution is bounded on the left side of the point in
question, by either the previous solution or the initial conditions, the range
R from the point in question to the left bound can be found. The solution will
lie within R distance either side of P, Initially, the solution is bounded on
the left by the first point of the surface.

By definition, two points defining the location of a cavity cannot
lie under the same line segment which defines part of the surface. Further,
the points used to indicate cavities are entered in a left to right manner.
Therefore, the solution to the surface point nearest to some other point P
generates a new left-hand bound for the next trial. The left-most coordinate
of the first triangle to test when <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>