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An Integrated CAD/CAE System for Cold Forging. Process Design
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Some progress on a research project aimed at designing and developing a computer
assisted Ienvironment for the . design of preforrning tsequences for cold forging are.·
presented arid discussed ..
The main focus is on the "Generate, Test and Rectify" mechanism. which controls 'the .
sequence design process, as well as on the classification andstructure of the rules in the
knowledge-based system. Details are given on logic and capabilities 'of the two modules
devoted, respectively, to generate and analyse for suitability the' formingsequences for

'multi-stage cold forging of solid and hollow rctaticnally symmetric P<l:!.ts:_ " ':':": .
.. ,._.Some application exa:inp~es end the paper. . .:' :'.":"'_,,,~.. .,_~._-------"--.' ..-- .. --.

.... .~ ':~:.'.__t.: .;.'.':": '.-=:;" _" _~~ ": "w -:- • ~ •• ~ '-.
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~. 11] ·'~incl~d~~·g--th<?·~~:~based .on A.I .. techniques-
- .ar e, .~t th.e. most/'~ii~:~t.t~~·_·~~p·er.ii:i1~n·tal.pr~totyp~

A remarkable research effort has been recently 'stage. D"';'" .. "~::':C.~~~::::.:~'_. ...:'.:': . .
made to develop process modelling 'of metal The paper presents ·soJ!l.eprogniss on a 'research

·forming,Jl1ainly in the area of computer aided .... _,~Clctivity aimed at~de~ign,iJ1g ~.9-i1d:de\.;eiOping a
·techniques. However, in spite of the significant ·~\::.~·computer::-assiste~. en'0'_6:n~e.i]fJo.i:~!h~-.design of
progress in understanding' the mechanism.of:':.=::~prE~fofming sequenc~s~~~~hi~ft:, is_·par.t . of a

·deformation, knOwleage"'of plastic phenomena ":~,comprehensive and integrated CAD/CAE system
oftenis not formalized for practical applications·.~/;,~Jor ..cold forging technology in the 'automotive

,_ 'and still presents considerable gaps.' industry(Fig.l). The main focus is on the generat-
'" -, ..... ---, ivarule-based approachrn designing the oper-

,Inadequate knowledge, as 'well as the inhere;'t - "aticn sequence." .... ..
complexity in modelling and planning forming ',' "
:operations, make process planning for a forged The' first part of the paper outlines and justifies
part a domain where knowledge is "expert-like" the Generate, ··Test and Rectify (G,T&R) mech-
and comes from experience gained through long .... anism on which the sequence design process is
practice. Consequently, process planning activities based. The latter part of .the paper illustrates
which could take direct ad vantage from process present capabilities of the two modules devoted,
simulation (such as assessing the feasibility of a respectively, to the sequence generation and test.
forming operation and parametrizing it) are still "
largely experience based.
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The above reasons have substantially retard~d the
develo prnent of process planning systems' for
forging. Not only CAPP systems for this tech-
nology are extremely restricted' in number, but
the considerable effort to develop CAPP systems
in machining and, more recently, to upgrade
therrrro a working industrial tool has not been
matched in forming.
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Today, the existing prospective tools based on GT
classifications of forged parts have not yet form-
alized for process planning purposes, and the
computer driven process planning systems [1-

....•.. -.

2. THE "G,T&R" APPROACH IN DESIGNI1\G
THE SEQUENCE .

The design of a suitable sequence is one of the
most critical responsibility in planning a multi-
stage cold forging process. It directly influences all
the other decisions required before the' work-
planning is completed.' .

According to the criterion of acceptance, an
operation sequence can be feasible, realizab!e 0 r
suitable.
Feasibility of a preforming sequence is an
intrinsic feature. It implies that blanks are formed
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a t the different stations without surface or inner
defects. Additionally, the sequence does not
include' unnecessary extra preforming steps.
Realizability pertains to the actual execution of
the process by given resources. A realizable
forging sequence has to be instantiated for defined
presses and handling devices.
Suitability refers to the. "goodness" of the
sequence design. It matches the technical success
and a good economic balance, the latter being"
dependent, for instance, on tooling and operating
costs.

non-deductive current-practice based approach
for the domain of planning and designing and,
specifically, for the problem of designing sliitaVle
forging sequences.
As in other guessing methods, the basic idea of
the e,T &R strategy is fairly simple: "Generate an
initial solution (hypothesis) and Test it. If the test
produces failure, try first to Reelif:! the solution,
and Regenerate it only if rectification is not

, , possible". An automatic sequence design based on
the e,T&R approach requires that the test as well
as the reelify subsystem be automatic too.

11Forging Sequence Generation II"
-.
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Fig. 1 _Module; in theCAD/CAE system for the design of the 'cold forging process.
. '

The level of acceptance of a sequence reflects
nature and extension of the knowledge involved
in the design process and determines the design
approach as well. \Vhilt;.,the practicability of a
deductive approach in designing a feasible forging
sequence is well established [1,2,5, 8 and 10], no
deductive system is known' which is capable of
gen'erating suitable sequences. The practice of
using a sequence as a basis for improvement
when a new suitable forging sequence is required
reveals a knowledge of the forging technology
that is inadequate to deduce a suitable sequence.,

The e,T&R strategy, as other r ecoursive strategies
such (1$ H&T (Hypothesize and Test), provides a
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When applied to the 'specific domain of the
forging sequence design, the hypotheses are the
generated feasible sequences; the tests assess
realizability and suitability of the hypotheses
while the rectification procedure, when invoked,
modifies unsatisfactory features of the generated
sequence revealed by the testing, Rectification
measures are concerned' with ordering and
grouping forging operations in a different way,
modifying operation capabilities, etc. Any
rectified sequence maintain the main features of
the unrealizable or unsuitable sequence, such as
material and geometry of the forged part, billet
diameter and, to some extent, mechanical
characteristics of the finished part. On the other
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hand, number of forging stages and load peaks at
the different stations usually change,
Regeneration implies a more substantial change
of the sequence, involving modification of
geometry and mechanical characteristics of the
forged component,

One important result of the G,T&R approach is
that it is possible to keep separate the knowledge
domains pertaining to generation, testing and
rectification, This separation reflects nature and
organization of current knowledge of cold forging
and, additionally, permits the three
functionalities to be developed independently,

At the time of writing,an experimental system
consisting of the generation and test components
of the G,T&R system have been developed and
related procedures formalized lna rule-based
representa t io n.:' The", sys tern [s7'~apalJle- '-of
generating feasible sequences for solid and hollow
rotational pa~ts, aswell as' testing'sequences for
suitability on the basis of load-peak and energy-

, consumption distributicri" at the "different stages
and effective strain accurnula ted ' in' the' forged

'produc.t. :'::,~-~,: :~~:~~,~-"~::::-~,~,~:' ~~~-~~':'::~":':':'~,-

A'sho~t descriplion bf th~-~ppr~~~i{'~o' generate
feasible sequences and test them automatically is
given in the following. Some application
examples illustrate the capabilities of the system
at ~he present stage of ~evelopment.,:c.:~ .:~

Th'e' basic \tru~;~r;'of 't~~~'pioc~d~r~':f~i ~h'e
'generation of feasible ,sequ~nces ,whi,chare' hy-
potheses in the' GT&R rnechanlsrn is 'shown 'in
the diagram of Fig.2. Each subtask inv'olves:a
number of decisions to be made before thenext
subtask is undertaken, Since the decision Iogicis
formalized in terms of rules, the diagram
indicates the criterion in grouping the rules, as
well as the order in which the groups of rules are
consulted. ' ,

,3. ",G&lEl\.~~O~~~Fi~1i.,6F~S-i9~2~{~!::~
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The activities pertaining to the first sub task are
the input of the material and geometry of the
forged component, checking it for formability,
and then classifying and coding of the shape
features of the part. ,
The ,,g,,eometric data come from the CAD system,
whe~e the part profile is automatically extracted
and the relevant features recognized,
The system for part classification and coding has
been designed in order to access the files
containing the sequencing rules corresponding to

.the particular class of the part, which include
rules for selecting the billet diameter range suited
to that family of parts, as well as the order and
combination of the different cold forging
operations, The classification system groups the
components into families according to dimen-
sional and shape attributes and, at this stage of
development, covers most of the rotationaily-
symmetric cold forged components, solid as weII
as hollow. '

At the second subtask, the geometry is split into
_basic elements (simple cones, cylinders or curves;
solid and hollow), this permitting a represen-
tation of the part geometry suitable for the next
sub task. Afterwards, the component is oriented

, and the cutoff length is calculated.
,'". -'-,

.: ::..:-5 ','"

~:''-, I:ig~2\;ni~~~~~ '~nh:~"g~~~'r;t;ol1 p~~~~d~~~,
:'~S"';,- '-;- .~:.Y:. j_ .z . ':~:':: ...:'::~~;:" ~~ -':, _.....;.-,-.: :.,:'

~Wh~n th'e th~~d:'~~~~as~-:,l~-l;~de;;aken: the\;te ~f
the sequencing rules suitable for the specific part
family is accessed, The appropriate range of the

-wire/billet diameter is provided, together with a
list including all the possible principal operations
"related to that class of part, ordered according to
sequencing rules, Such a list merely indicates the
precedences that each of the principal operations
takes over the remaining ones, The grouping
rules are applied separately; the individual
operations-already ordered according, to the
precedence constraints- are assignee! to the
different stations on the basis of the class of the
part and the number of stations available on the
machine, ' '
Both the sequencing rules -represented by the list
of principal operations- and the grouping rules
can be edited by the user, any change being
temporary and, therefore, affecting only the
current generation process, Alternative rules can
be stored for the same part farnily.
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The fourth subt ask is the most decision-
intensive procedure 'and this generates the
geometry of the corresponding intermediate
steps. The direction of the generative process is
the reverse of the forming sequence with the
initial and final states in the generation path
being, respectively,. the final' cold forged
component and the billet or wire cutoff.. '
As shown in the diagram of Fig. 2, the system
works by modifying the basic shape elements
until they take on' the geometry of the
corresponding' portion' in the wire cutoff, The
decision logic directing this transformation has
been divid,ed into the following steps:

; r

CD Recognition of the forming operation to be
performed as the next operation on each of
the elements;

(ii) Identification of the basic elements to be
transformed at the next station, on the basis
of the rules for sequencing and grouping .
different' opera.tions;'~.:=', - - ,...

(i ii) Determination of, the--geol1J.etric trans-
" .:: forrnation to be applied to eac,~. e~~ment

according to the capabilities of the forging
operation identified at the previous step;,,:-.

(iv): Stacking jrp' of the transformed elements.
together 'with the . remaining nori-transf-
ormed ones,'t§bu'iJd:up.' the blank' geometry
for the nextforming ~~ation.

. '.'::- . :';-~;':.- ./ ~ -..•.. --~-...:.
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Independently of its use as a module for testing
feasible sequences integrated into the G,T&R
system or as a stand-alone analysis procedure, the
current testing procedure consists of the
following steps (diagram of Fig. 3):

In step (i), the programeaccesses the data files
describing the geometry' of the blanks
corresponding to each stage of the proposed
sequence. The blanks are then automatically
classified and coded on the basis of the inner
basic-shape to distinguish solid blanks, blanks
with cavity (single or double, stepped and non-
stepped) and with a through bore.

./

j
IIIIi

'1
1
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1

In step (ii), the program analyses automatically
the pairs of blanks corresponding to adjacent
stations. For each pair, the blank geometry is split

into elementary volumetric elements and the
correspondence between these elements in
successive forming stages is then established.

Step (ii i) of the program is devoted to the
automatic recognition of the forming operations
performed at each station of the machine together
with the related deformation data. To this end the
deformation in vo lved. in the corresponding
volumetric elements is processed by a "pattern
recognition" logic based upon more than twenty
decision tables. .. .

"" .' .... , .. "! ... -: .:', :-"- .. : J":-

Fig.3. Structureof thesequence testprocedure'

At step (iv), .the program accesses data Jiles too
calculate 'fhii'material currel1t flow-stress and the
frictional resistance at the material-tool interface ..
The load' peaks'<as: well-::'as~'the- energy-

..consumption .<:listribution at . the. different
forming stat ionsa re then calculated on the basis
of the: recognized operations, the relevant
deformation data; 'the material flow stress and
friction coefficient: . ,

Lastly' -step (,:)-, the effective-strain distributions
accumulated in the the blanks at the different
stations are evaluated. In calculating the strain,
only homogeneous deformation is taken into
account in determining the total effective-strain,
the contribution of the redundant deformation

.being neglected.

4. ArPLICA nON EXAMPLES

In order to illustrate the capabilities of the system
at the present stage of development, examples are
given of the output obtained from generating and
testing some forging sequences for two workparts.
Figures 4a and b show two sequences for the same
solid part; two different colours are used to
distinguish adjacent basic elements.
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Fig. 4a .Feasible sequence far a solid part.
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Fig. 4b' The sequence of Fig.'4a after re~tification:

Fig. 5 Faur-stage sequence far a hollow part.

The first sequence is a feasible sequence which
resufts from the generanon stage. It consists of
seven stages; reducing, extrusion and upsetting
operatians are perfarmed at different stages' and
the deformation by upsetting is allotted to two
stages. The latter sequence (Fig.4b) results from a
rectification The rectification measures are:

combination of reduction and extrusion at the
second stage,

- combination of forward extrusion with the
first upsetting operation at the fourth stage,
and
all otting the deformatian by upsetting to three
stages, as a cansequence of a lower upset ratio.

Figure 5 shows the faur-stage sequence generated
as initial hypothesis for a SAE1015 steel bevel
gear.
The distribution of the peak loads at the shearing
and farming stations are shown in Figs. 6 and 7
far the sequences of Fig. 4a and b, respectively.
Figures 8 and 9 illustrate for a regenerated se-
quence of the bevel gear of Fig. 5 the energy peak
distribution and the effective strain accumulated
at the fourth stage .

. " - - ... '. .'. .5.. CONCLUSIO,NS

A prototype of computer-assisted environment
for the design of preforming sequences for cold
forging has been developed. '- ., ' .. ".

.. ' .. '" ';". "-

.,

The design approach is based on the G,T&R
strategy and' the'consequent sep'ara'tion' of
generation of feasible sequences from test far
suitability: '~.".,.~..>~",.' " ," , ..
At this st~g'e,=i'h1\Xi:m iscapable 0.£ 'generat~;'
feasible' sequences for cold forging of solid and
hollow rotatiorially symmetric parts and then test
sequences for. suitability on the basis of load-peak
distribution irithe-different farming stages, as
well as the effective strain accumulated ill the
blanks and the finished part .:

Furt'h~~~'de~~l~p~~~ts>~ret';kini "pl~(ie \~;h'to
exte'nd' the 'scopeTand "operations currently
covered by the generate and test components oft~e,:syst~m.. arid .to "design "and develap the
automated mechanism far the' rectification and
regeI1eratian 6ft~.e sequenc~s. '
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Fig. 6 Peak loads for the sequence of Fig. 4a.
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