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© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Various manufacturing methods can be used to produce
mechanical parts. A suitable method is chosen based on the geom-
etry of the part, the required quality, the quantity to be produced,
and the manufacturing cost. In this study, forging is considered,
which is one of the widely used manufacturing methods for metals.
If the forming process occurs below the recrystallization tempera-
ture of the metal, the process is called ‘cold forging.” This has
certain advantages such as high dimensional accuracy, superior
mechanical properties and microstructure, better surface finish,
and no oxidation. Furthermore, forging to net or near-net shape
dimensions reduces material as well as post processing cost. How-
ever, because of relatively high tooling and equipment costs, the
process is feasible only if the part is to be produced in large quan-
tities [1].

In the traditional approach, manufacturing procedure is decided
based on experience. In most cases, values for processing
parameters selected based on experience and intuition do not give
satisfactory results. Hence, they are modified via a trial-and-error-
correction method. For manufacturing processes requiring high
tooling costs, these trial-and-error efforts drastically decrease the
efficiency of the product development phase. Besides, the resulting
processing conditions would be less than the optimum. The tradi-
tional approach has become obsolete with the developments in the
computational technology. Numerical methods like FEM allow

* Corresponding author. Tel.: +90 212 359 7196; fax: +90 212 287 2456.
E-mail address: sonmezfa@boun.edu.tr (F.O. Sonmez).

http://dx.doi.org/10.1016/j.compstruc.2016.01.016
0045-7949/© 2016 Elsevier Ltd. All rights reserved.

prediction of the effects of process parameters on the end product
by simulating the manufacturing process. This reduces trial-and-
error efforts dramatically. On the other hand, FEM as an analysis
tool only provides outputs for a given process; it cannot appraise
these outputs and suggest a better processing scheme. Integration
of simulation models with optimization algorithms helps to deter-
mine the optimum processing conditions. The forging process has a
number of parameters that are under the control of the process
designer, which can be used to optimize the process. By optimizing
the controllable processing parameters, one can improve the pro-
duct quality and manufacturing efficiency, and decrease costs con-
siderably. In a process optimization study, according to the desired
optimization aim, a suitable objective function is constructed.
Choosing appropriate objective and constraint functions, optimiza-
tion variables, and search algorithm has utmost importance on the
effectiveness of the optimization. In the literature, different
approaches were adopted in this respect.

In the previous studies of forging process optimization, the
researchers considered forging of blocks by upsetting [2-15],
H-shaped axisymmetric parts [5,6,16-25], I-beams [26,27], aerofoil
blades [3,28-32], hollow cylinders [15], axisymmetric parts like
disks or cups [2,8,13,25,27,32-43,44], other 2D parts [43,45], steer-
ing links [46], wheels [31,45], hubs [47,48], spindles [49], gears
[49], and other 3D parts [10,50]. In some of these studies, forging
process was simulated as hot [2,4-6,13,16,17,21-23,25-30,32,34,
35,37,39,43,44-46,48-50], in others [11,14,17,20,27,32,33,36,38,
40-42,47] as cold.

In an optimization procedure, depending on the quality and cost
requirements on the part, a suitable objective function is chosen. In
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the previous studies, the goal was to minimize the deformation
energy [19,20,49], the difference between the desired shape and
the final realized forged shape [2,3,7-11,13,23,25,26,28-30,32],
cost [52], excess material or flash, which is the portion of the work-
piece bulging out of the die, in order to obtain net shape [35,47],
unfilled area of die [27], damage index of the workpiece [38,40],
variation in hardness distribution [33], variation in grain size
[21], variation in the temperature [34], variation in effective strain
[22,24,41-43,46,48], maximum strain rate to avoid folding defect
[45,49], die wear [18]. In another study [36], die fatigue life was
maximized. Besides, multi-objective optimization problems were
considered where the objective was to minimize the forging
energy and the difference between the realized and prescribed
final forged shape [4-6,12,14-16,44], unfilled area of die and forg-
ing energy [42], unfilled area of die and flash area [17,31], unfilled
area of die, forging energy, and strain variation [39] total strain
energy, strain variation, and forging force [37], material use, total
strain energy, and strain variation [43]. In some cold forging oper-
ations, deformation becomes so extensive that forging operations
are conducted in sub-steps followed by annealing. In order to
obtain the desired shape or avoid forging defects, more than one
forging operation may be needed even in hot forging. Hence, in
some studies [4-6,7,8,17,18,23-26,34,38,40,44,49], forming stages
were optimized.

In forging process optimization studies, optimization variables
are chosen among the processing parameters that have an effect
on the objective function. Parameters defining preform-die shape
or final-die shape [2-6,7,8,16-18,20,23-26,28-32,36,38-40,43-
45,49], fillet radii of the die [20,33,37], preform shape [5,6,9,11-
15,31,35,41,43,50,46,48|, preform dimensions [17,19,21,27,33,
37-40,47,49] number of forming operations [40], thickness of the
flash [20], initial temperature [4,14,16,22,34,30], ram velocity
[12,21,22,34,39], pressure or force applied by the tools [42,50],
stroke [17,22,30], were selected as optimization variables in the
process optimization problems considered in the previous studies.

In a process optimization procedure, while improving the objec-
tive function by modifying the optimization variables, constraints
are imposed on these variables to avoid underfilling of the die cav-
ity [5,8,16,19,21,22,35,37,41,42,46-48], folding or wrinkling
[2,15,23,35,37,50], the difference between the produced shape
and the target shape [3,8-10], shape errors [10], excessive flash
[21]. Constraints are also applied to limit the maximum strain
[40], the variation in strain [19], effective strain rate [34], maxi-
mum temperature [4,14,16], maximum pressure on the die [40],
and forging load [22].

Effectiveness of an optimization procedure depends on the
search algorithm. Some researchers used stochastic global search
algorithms like genetic algorithms [2,4,12,14-17,38,40]. Some
other researchers used gradient [5,6,7-11,13,18,21,23-26,28,44,
45] or non-gradient [29,31,33,34] based local search algorithms.
In many of the previous studies, a meta (or surrogate) model is
constructed representing the objective and constraint functions
using response surface method [3,19,22,30,32,41,42,46,48,49],
artificial neural networks [27,39], multivariate polynomial interpo-
lation [37], or Kriging [37,49], then optimization is conducted using
the model via a local search method. If few parameters are used as
optimization variables, a parametric study [20,35,36,43,47,50]
may be conducted to improve the forging process.

In most applications, the manufacturing efficiency, manufac-
turability, cost, and quality of the resulting product depend on both
processing and design parameters. For this reason, integrating pro-
duct design and manufacturing design phases, which is called con-
current design approach, enables consideration of interacting
effects of these parameters. Accordingly, designing forged products
includes not only the optimization of the part geometry and mate-
rial but also the selection of appropriate manufacturing process

conditions so that desired properties can be obtained (strength,
tolerances, residual stresses, grain structure, surface properties,
etc.) with minimum cost. Through the use of a concurrent design
procedure with an optimization algorithm, both manufacturing
process and part performance can be optimized. A concurrent
design optimization scheme includes both design and processing
parameters as optimization variables and also design and manu-
facturing constraints. Some concurrent design optimization proce-
dures were previously developed by several researchers [51-54]
for some manufacturing processes. Chang and Bryant [53]| mini-
mized the cost of aircraft torque tubes, piston and cylinder compo-
nents and the tube weight by using the part thicknesses as
optimization variables. The design and the processing were opti-
mized concurrently to minimize the volume while maintaining
its strength. Al-Ansary and Deiab [54] minimized the total machin-
ing cost of mechanical assemblies including the cost of all individ-
ual machining operations by taking product design dimensional
tolerances and machining tolerances as optimization variables.
They considered two mechanical systems, piston-cylinder assem-
bly and rotor assembly, and optimized the tolerances of their indi-
vidual parts. Janakiraman and Saravanan [52] minimized the total
manufacturing cost and the deviation from the targeted perfor-
mance. Three cost components, operation cost, tool cost, and tool
replacement cost, were included in the objective function. Number
of rough turning passes, cutting speed, feed and depth of cut in
each step were taken as optimization variables; upper and lower
limits were set on machining parameters, cutting force, power,
and surface roughness. Chen and Simon [55] optimized product
performance and welding process. Height of the beam, its thick-
ness, depth and length of the weld were selected as optimization
variables. Constraints were imposed on these parameters to avoid
large deflection and static and buckling failure. There is only one
study on forging process optimization using a concurrent approach
[51]; however it is rather on the development of a support soft-
ware module aimed at assisting manufacturing design decisions.
This system combined theoretical and empirical knowledge about
a variety of aspects of product design and manufacturing, and thus,
it provided guidance for engineers to decide on some factors like
material type, lubricant, and machine type. In that respect, the pre-
sent study can be considered to be the first study on the concurrent
optimization of forging processes. Besides, in comparison to the
forging optimization studies that considered a part with a similar
geometry like reference [20], a larger number of parameters are
considered as optimization variables and also a larger number of
constraints. Therefore, the present study is more comprehensive
in regard to processing optimization.

2. Problem statement

The aim of this study is to develop a concurrent design opti-
mization methodology for the combined optimization of product
design and processing design phases of a forged part. The method-
ology is applied to a simply-supported beam with an I-cross sec-
tion subjected to a centric load as the worst loading condition
during its use as shown in Fig. 1. [-beams are generally used in
the industry due to their good load carrying capacity under
bending.

Manufacturing of an I-beam can be achieved by forging, extru-
sion, or roll forming. The choice between these methods is made
based on the feasibility, the manufacturing cost, the target
mechanical properties, and the dimensions of the beam. The part
considered in this study is a short beam with dimensions
400 x 45 x 35 mm with large web and flange thickness (about
10 mm); forging can then be considered to be a suitable processing
method. Accordingly, the manufacturing method is chosen to be
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Fig. 1. A schema of simply supported I-beam under centric load.

cold forging followed by shearing and machining operations. As
illustrated in Fig. 2, first a rectangular bar is forged into an
I-beam and this operation is followed by the shearing of the
flashes. The cut regions are then machined.

The objective is to find the globally optimal values of the design
and processing variables to minimize the total cost including the
material cost and the manufacturing cost. The optimization is sub-
ject to both behavioral and manufacturing constraints. The behav-
ioral constraints include failure conditions due to static yielding
and local buckling during the use of the beam. Satisfaction of these
constraints ensures safe use of the part. The manufacturing con-
straints include die filling, the maximum allowable pressure on
the die, and limited flash out of the die. In this way, the billet fills
up the die, no damage is done to the dies during forging, and the
length of the flashes, i.e. material waste, is minimized. Both manu-
facturing and design parameters are chosen as optimization vari-
ables. Design variables are the dimensions of the I-beam;
manufacturing variables are the fillet radii, thickness of the flash,
and the preform dimensions.

3. Optimization methodology

The purpose of optimization is to find the best possible config-
uration among many potentially viable configurations for a given
use according to a chosen performance criterion. A typical design
optimization problem is solved through the following stages: For-
mulation of objective function to be minimized; selection of design
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Fig. 2. Manufacturing phases of the I-beam [56,57].

variables affecting the value of the objective function and con-
straint functions; setting the constraints; defining penalty func-
tions, weight coefficients; selection of search algorithm.

3.1. Design variables

Effectiveness of the optimization procedure depends on the
proper choice of optimization variables. All the parameters having
considerable effect on the objective function or the constraint
functions should be chosen as optimization variables for effective
optimization. On the other hand, the parameters having insignifi-
cant effect should be taken as constant to avoid unnecessary com-
putational burden.

Fig. 3 shows the cross-section of the I-beam and the geometric
parameters defining the section. Because I-beams are doubly sym-
metric, one of the representative quarters is considered in the anal-
ysis of the forging process as depicted in Figs. 3 and 4. Forging is
achieved by forcing the upper die to move a certain distance, s.
The stroke, s, depends on the height of the preform, 2H, and the
thickness of the web, t,. The parameters chosen as optimization
variables include the design variables, which are the thickness of
the flange, t; thickness of the web, t,, width, b, height, hy, fillet
radii, ry, 13, 13, and 14, half of the preform dimensions, H and L,
and half burr thickness, t,. Among these, there are design parame-
ters as well as processing parameters. The design parameters are
the dimensions of the cross-section, tj, t, hy, b; these mainly affect
the performance of the part. The processing parameters are the
preform dimensions, H and L, the fillet radii, r;, and the burr thick-
ness, tp; these mainly influence the effectiveness of manufacturing.
Length of the preform, L, is not directly taken as a variable; instead
the volume of the die cavity, Vj, is calculated and L is expressed as

L=Vy/H+¢ (1)

Here ¢ is taken as optimization variable. The draft angles of the
flange, o; and o5, are taken as constant and equal to 3° as in the
study of Khoury et al. [20]. Table 1 gives the relations between
the parameters and also the values of the parameters taken as
constant.

3.2. Formulation of the objective function

Solution of an optimization problem first requires definition of
an objective function that serves as a criterion for the effectiveness
of a design. In this study, the goal is to minimize the overall cost

oY

Fig. 3. Cross-sectional shape of the I-beam.
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Fig. 4. Cross-sectional dimensions of a quarter of the I-beam processed by forging.

Table 1
The geometric parameters.
Width b=2(H+h—s)
Height hy=2(Lo+w+r13)
Flange Thickness r=wtrytrs
Web height hw = hy — 2tf
Half of web height Li=Llg—ri—r2—(h—r; —rp)tan oy
Stroke s=H—ty)2
Beam length L, =400 mm
Draft angles o, Oz = 3°

without violating the constraints. Accordingly, the objective func-
tion to be minimized is expressed as

n
f = Cmat + WG + WiCs + Conen + Y _CiPi (2)
i=1

where ¢pq; is the material cost, ¢y is the cost of the forging process, ¢
is the cost of the shearing operation, ¢, is the machining cost, P;
are the penalties, c; are the penalty coefficients, and n is the total
number of the constraints. The first four terms have the same unit,
which is chosen as dollar. The last term takes nonzero value only in
case of constraint violations.

It should be noted that fis not equal to the total cost of the pro-
duct; the costs that are independent of the optimization variables
are not included in the objective function. Constant terms added to
the objective function do not influence the optimization process, in
which the value of the objective function is minimized by varying
the values of the optimization variables. Labor, die, and machinery
costs are usually considered as such and they are not taken into
account in process optimization studies. However, the optimiza-
tion variables may have some effect, even if small, on these costs.
If a larger energy is spent in forming the part or cutting the flash,
increased wear and depreciation may occur in the machinery or
operation time may become longer. However, finding an explicit
and general relation is not possible; this depends on the type
and quality of the machinery and the tools. In this study, in order
to account for these effects, wy and w; factors are introduced. A
value of 20 is taken for both factors. Because, these effects can

directly be taken into account for the machining cost, ¢, a factor
is not introduced for this term.

3.2.1. Material cost, Cpqe
The material cost in terms of dollars can be expressed as

Cmat = PmacPV 3)

where pp,q is the unit price of the material in terms of dollars per
kilogram, p is the density of the material in terms of kg/m?, V is
the volume of material used to produce the part. Considering that
the volume of the material does not change with plastic deforma-
tion, V can be expressed in terms of the preform dimensions as

V=2H-2L-L, 4)

where Ly, is the length of the I-beam (see Table 1). The factor “2”
appears because only one fourth of the preform is analyzed
(see Fig. 4).

3.2.2. Forging cost, c¢

The cost of the forging operation is related to the energy spent
to deform the workpiece. This energy is assumed to be propor-
tional to the total strain energy of deformation of the final part,
Uy, which can be formulated as

ot "
Uy — 4L, / / / / ayégdvdt 5)
JOo J.

where ¢ are the components of the stress tensor and &; are the
total (elastic and plastic) strain rates (there is sum on i and j). The
expression in Eq. (5) is not calculated analytically. The values of
strain energy in the finite elements are stored in the element tables
of ANSYS and they are used to calculate the total strain energy. Uris
four times the strain energy calculated using finite elements,
because one fourth of the preform is analyzed. Considering that a
2D plane strain structural analysis is carried out; the FE software
yields strain energy per unit thickness, which should be multiplied
by the length of the beam, L,, to obtain the total strain energy.

The cost of forging in terms of dollars as the cost of electricity
spent during forging is expressed as

s = pUr /1y (6)
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where p. is the local electricity price for industry in terms of dollars/
Joule, 5y is the efficiency with which electricity is converted to
deformation energy, which is taken as 0.3.

3.2.3. Shearing cost, cs

As a post manufacturing cost, there is cost of energy required to
cut the flashes at the sides of the forged part. The shearing energy
is calculated analytically using the following formula [58]:

Us = C11C225ut(2fb)2Lb (7)

where cq; is a constant equal to 0.85 for ductile materials, c; is a
constant equal to 0.5 for soft materials, 2t; is the burr thickness,
and S, is the tensile strength of the material. The cost of the shear-
ing operation is expressed similar to the cost of forging as

Cs = ZpeUS/’/’s (8)

where #; is the efficiency of the shearing operation, which is also
taken as 0.3. The equation includes the factor 2’ because there is
one flash at each side.

3.2.4. Machining cost, Cpen

The whole top and bottom surfaces of the beam are machined.
After the flash is removed, the cut region will have a rougher
surface and thus there will be additional machining cost. The total
machining cost depends on the width of the beam, b, and the burr
thickness, 2ty It is expressed as

Cmch = 2[Dpm (2t6Lp) + Py (b — 215)Ly) 9)

where pg,, is the cost of machining per unit area of the cut region,
(2tpLp) is the area of the cut region, p,, is the cost of machining
per unit area of the uncut forged surface, (b — 2t;)L,, is the area of
the uncut region on the top or bottom surface. The equation
includes the factor ‘2’ because there is a flash on both the top and
bottom surfaces.

3.3. Constraints and penalty functions

In typical product design or processing design problems, a num-
ber of constraints need to be imposed on the variables in order to
obtain acceptable solutions. The constraints define the feasible
domains for the optimization variables. Selection of the constraint
limits may be based on the process requirements like filling of the
die cavity, or product requirements like strength and ergonomic
considerations. If the feasible domain is arbitrarily restricted,
better solutions may be missed. If it is unnecessarily large, search
for the optimum design may require increased computational
effort.

In this study, constraints are imposed on the optimization vari-
ables based on the design and process requirements, and possible
numerical problems in the FE analysis. Behavioral constraints are
used to avoid failure of the finished product during service as a
design requirement. For the present problem, local buckling failure
and static failure in the form of yielding are considered as behav-
ioral constraints. The manufacturing constraints considered in this
study are filling of the die cavity, failure of the mold, and limited
flash. There are also side constraints like limits on the cross-
sectional dimensions of the beam due to spacing requirements,
or limits beyond which no feasible or optimum design is expected
like very small or very large fillet radii.

There are mainly two ways to incorporate constraints: One is to
introduce penalty functions, thus transform the constrained opti-
mization problem into an unconstrained one and then solve the
problem using a search algorithm suitable for unconstrained prob-
lems. The second approach is to use a search algorithm developed
particularly for constrained problems like feasible directions

method. Considering the high number of variables and the con-
straints, and the complexity of the feasible region in the problem
considered in this study, the first approach is adopted. If the con-
straints are violated, a penalty is added to the objective function.
Because the search algorithm tries to find designs with lower
objective function values, penalties force the optimization algo-
rithm to search the optimum design within the feasible domain,
where no constraint is violated.

There are a number of constraint types. First of all, upper and
lower limits, x, and x, may be set for the optimization variables.
These inequality constraints can be expressed as

X < X<Xy (10)

If the search algorithm assigns a value to this variable outside its
feasible range, a penalty is added to the objective function. If the
lower bound is exceeded, the penalty function is defined as

o X —X
P*C<xu_x,> (11)
and if the upper bound is exceeded, it is defined as
P:c<"*x“> (12)
Xy — X

Because the type of these penalty functions is external, they become
active only if their corresponding constraint is violated. Otherwise,
they are equal to zero. This condition is controlled by the operator
“<>"_If the value of the term inside this operator is positive, it yields
the same value; otherwise it yields zero.

Although, burr (or flash) length, Ly, is not an optimization vari-
able, upper and lower limits are set to avoid underfilling due to a
negative value of Ly or excessive material waste due to a large flash.
After the process simulation is completed in each iteration, the
flash length is obtained via FE post processing. The penalty value
is then calculated in the same manner as indicated in Eqgs. (11)
and (12).

In order to avoid underfilling and ensure complete die fill, the
contact condition at each contact element in the interface between
the die and the workpiece is checked. If the software predicts that
these boundary elements in the interface are open or if the number
of elements that are open but at near contact exceeds 6% of the
elements in the interface, then a penalty value is calculated in
the following manner:

P = cino + ¢2(Npe% — na%) (13)

where n, is the number of completely open elements at the inter-
face, np,% is the percentage of interface elements that are open
but at near contact; ngy% is taken as 6%; c; and ¢, are penalty coef-
ficients, which are taken as 50 and 3, respectively.

Another constraint used in the optimization procedure is the
maximum allowable contact pressure on the die, which may cause
permanent deformation or fracture in the die. If the maximum con-
tact pressure on the contact elements at the interface between
the die and the workpiece, pnqx €Xxceeds the allowable compressive
stress of the mold material, o4, a penalty is added to the objective
function as

ch<w> (14)

Gall

Steel punches are limited to approximately 1200 MPa and cobalt-
bonded WC punches are limited to approximately 3300 MPa [59].
In this study, the allowable contact pressure on the die is taken as
1200 MPa. In order to be on the safe side, the upper limit on the
maximum contact pressure, g4y, is chosen as 10% lower than this
value.
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If the maximum equivalent stress, g,,4x, developed in the part
due to the loads applied during its use exceeds the yield strength
of the material, S,, static failure occurs. In such a case, a penalty
is calculated using an equation similar to Eq. (14). A similar penalty
function is also defined for buckling failure.

The values of the penalty coefficients, c, in Egs. (11)-(14), used
in the optimization procedure significantly affect the effectiveness
of the optimization process. If the feasible domain is a convex
region, large values are chosen to force the algorithm to search
only within the feasible domain. On the other hand, if the feasible
domain is nonconvex and complex, besides it consists of patches
separated by infeasible region as in the present problem, low
values of c allow a more effective search of the solution domain;
but the values of ¢ should be large enough to prevent convergence
within the infeasible domain. In this study, most of the penalty
coefficients are taken to be 10.0. Two times of this value is chosen
for the penalty coefficients of the constraints concerning the upper
limit on height, h; and the static failure constraints, because in
some runs, convergence occurred while these constraints were still
not satisfied. A large value is also chosen for c; coefficient in
Eq. (13), because the die-fill constraint proved to be critical.

During the optimization process, the value of the objective
function is recalculated whenever the values of the optimization
variables are changed by the search algorithm. In order to simulate
the large deformation during forging, a non-linear FE analysis is
performed. One of the problems that may arise is the failure of
analysis. The search algorithm may generate a set of variables such
that, for some reason, FE analysis fails, e.g. the geometry may not
be constructed due to a negative value assigned to radius of curva-
ture, or analysis may not be completed due to a sharp corner or
excessive deformation. If FE analysis fails, the objective function
cannot be calculated. In such a case, a large penalty value, which
is 200, is assigned to the objective function.

In cold forged parts, large variation in strain is not desired.
Under impact loading, premature fracture may occur in highly
worked hardened regions. Fatigue resistance may also be adversely
affected. However, because the I-beam considered in this study is
subjected to quasi-static loading during its use, no constraint is
imposed on the effective strain variation.

Because closed die forging is employed rather than open-die
forging, the forged part is assumed to be dimensional accurate
for the particular application; besides no significant elastic spring
back is expected as in sheet-metal forming. Accordingly, no con-
straint is needed to ensure dimensional accuracy of the forged part.

3.4. Optimization procedure

The objective of the optimization problem considered in this
study is to minimize the cost of manufacturing and material at
the same time satisfying the design and processing constraints.
One difficulty of the present problem is the search for the optimum
design with a large number of variables. If the problem were to
make an improvement on a currently used design by optimization,
this could be achieved via a local optimization in the vicinity of the
current design by allowing small changes in the values of the vari-
ables; then a high number of variables would not be a problem.
However, in the present problem the objective is to find the glob-
ally optimal design or a near global optimum design. In order to
achieve this, first the range of values that can be assigned to the
optimization variables should be large, i.e. the solution domain
should be large so that the best possible designs would not be left
outside the domain within which search is conducted. Secondly,
either a global search algorithm should be used or a local search
algorithm should repeatedly be employed starting from randomly
chosen initial points. Either way, global search is computationally
expensive. The second difficulty is that the optimization variables

include both design parameters and manufacturing parameters. A
manufacturing process can only be optimum for a particular
design. In an optimization procedure where the design is continu-
ously varied, processing cannot be effectively optimized at the
same time. For these reasons, a multilevel optimization approach
is adopted in this study. In the first level, using only the design
variables, the part design is optimized within a large solution
domain considering only the design constraints. In the second
level, all of the design parameters and the processing parameters
are used as optimization variables to find the optimum concurrent
design; but the range of values for the design variables is taken to
be small so that processing can effectively be optimized. In this
way, a local search is performed around the optimal design
obtained in the first level, while the processing is being optimized.

3.4.1. First level optimization

In the first stage, the product design is optimized by minimizing
the material cost. Because, the preform dimensions are determined
in the second level, only the material used in the part, not the
material used in the forging process, is minimized. Besides, manu-
facturing cost, which is calculated in the second level, is not
included. In the first level optimization, the width, b, and the
height, h, of the cross section, the thicknesses of the web, t,,, and
the flange, tj (see Fig. 3) are used as optimization variables. The
objective function is expressed as

f1=PmaPVp + ZC,-Pi (15)

i=1

where ppmq is the unit price of the material ($/kg), p is the density,
Vp is the volume of the part, which is calculated as AL,. In evaluating
the cross-sectional area, A, the fillet radii, r; are also taken into
account. Fillet radii, which are optimized in the second level, are
taken as 3 mm in the first level.

The behavioral constraints, which are static failure and buckling
failure, as well as the side constraints are applied in the first level.
The side constraints are the chosen upper and lower limits on the
optimization variables. The limits are given in Table 2. The upper
limits on hy and b are chosen based on the spacing requirements.
The other limits are chosen such that beyond them no feasible or
optimum solution is expected; they just serve to limit the search
domain in order to avoid unnecessary calculations.

3.4.2. Second level optimization

In the second level, the total cost of the I-beam including the
material, forging, shearing, and machining costs is minimized.
Accordingly, the expression in Eq. (2) is used as the objective func-
tion. All of the design parameters (the width, b, and the height, hy,
of the cross section, the thickness of the flange, t; and the web, t,,),
and all of the processing parameters (fillet radii, rq, 15, 13, and ry,
half of the preform dimensions, H and L, and half burr thickness,
tp; see Fig. 4) are considered as optimization variables in the sec-
ond level. As mentioned before, ¢ not L is taken as optimization
variable, which is defined in Eq. (1). All of the aforementioned con-
straints are imposed in the second level including side constraints,
processing constraints, and behavioral constraints, i.e. static failure
and buckling failure.

Table 3 shows the upper and lower limits on the constrained
parameters. Lr and ¢, are the length and thickness of the burr
(or flash), respectively. Flash length, Ly, is not an optimization vari-
able. After FE simulation is conducted, its value is obtained via the
post processing module. Its lower limit is zero. A negative value
indicates that grooves will take form at the top and bottom of
the beam, that means complete die fill requirement will not be sat-
isfied. On the other hand, the larger this value, the more materials



30 M. Ozturk et al./ Computers and Structures 167 (2016) 24-36

Table 2
The upper and lower limits (in mm) on the variables used in the first level.

40 < hp <45
30<b<35
0.5<1t; <20
0.5 <ty <20

Table 3

The upper and lower limits (in mm) on the parameters in the second level.
1<r <10 -09<r<1
1<r<7 02<t,<8
1<r;<8 16 <H<28
1<rs<10 0<L<2

waste is produced, which is also not desired. The limits for the pro-
duct design variables are the same as those given in Table 2.

The ranges for allowable values for the parameters are selected
as wide as possible. Beyond these limits, either difficulties are
observed in generating the shape and obtaining FE solution, or
optimum configurations are not expected. In the optimization
runs, none of the processing variables converged to a value close
to its constraint limit.

3.5. Search algorithm

As mentioned before, FE analysis of the forging process fails for
some configurations generated by the search algorithm. Because
the objective function cannot be calculated in these cases, a large
penalty value is assigned to the objective function. If FE simulation
fails, it is then not possible to evaluate derivatives of the objective
function. Therefore, first or second order search algorithms cannot
be used in the solution of the present problem, even though they
are more efficient. Considering that zero order methods do not
require derivatives of the objective function, they can be applied
to the present problem. Among them are stochastic and determin-
istic methods. The advantage of stochastic methods like simulated
annealing and genetic algorithms is that they may start from any
set of values for the optimization variables irrespective of whether
they are satisfying the constraints, or not and find the global
minimum. However, they are more difficult to apply and computa-
tionally expensive. Zero-order deterministic methods like Nelder-
Mead and Powel’s method are much easier to apply; only starting
points need to be specified; but they may easily miss the global
optimum. In order to find the globally optimal configuration, a
deterministic local search algorithm should be employed many
times starting from different points within the feasible region.
Then, the lowest value is chosen as the global minimum or near
global minimum of the objective function. For a complex structural
optimization problem, it was shown in reference [60] that a global
search algorithm is computationally more effective than a local
search algorithm repeatedly used starting from random points
within the feasible domain. Nevertheless, a local algorithm is pre-
ferred in this study considering that many initial runs are needed
to determine suitable values for penalty coefficients and the extent
of the solution domain. Because it is a robust zero-order search
algorithm, Nelder-Mead [61] is chosen as the search algorithm to
find the optimum values of the design and processing variables.

In computationally expensive optimization problems, use of
response surface method (RSM) may significantly reduce computa-
tional time. In the standard application of RSM, the objective func-
tion is represented by a quadratic function. Considering that a
complex objective function approximates a quadratic function only
around its extremal points [62], RSM is not a proper method for the
present problem. In the present study, because the globally opti-

mal configuration is sought, the ranges of values that can be
assigned to the optimization variables are taken to be large; that
means the solution domain within which the algorithm searches
the optimum configuration is large. A highly nonlinear objective
function cannot be accurately represented by a quadratic function
within a large domain. However, a hybrid approach is viable; that
means first a global search algorithm can be used to find the
regions potentially containing the global optimum or a near global
optimum. Within a smaller solution domain, the objective function
can be fit to a quadratic function using RSM. Then using a local
search algorithm, the optimal configuration can be located. How-
ever, because of the aforementioned reasons, use of a global search
algorithm is not preferred as the first choice.

In the first level, while optimizing the design of the I-beam, ana-
lytical formulas are used for the objective and constraint functions,
which can be evaluated in a fraction of a second; therefore effi-
ciency of the search algorithm is not an issue. For this reason, even
though more efficient higher order search algorithms can be uti-
lized in the first level, Nelder-Mead is used as in the second level.
In the first level, the optimization code initially selects random val-
ues for the four optimization variables within their feasible range
given in Table 2. Because Nelder-Mead requires k + 1 initial config-
urations to start the search for the optimum configuration, k being
the number of design variables, five configurations are randomly
generated. The material cost and penalty values are calculated to
determine their objective function values. If a local search algo-
rithm is used, normally initial configuration is chosen within the
feasible domain, otherwise convergence may occur on a local min-
imum outside the feasible domain. In the present study however,
as long as the geometry of the beam can be constructed with the
randomly chosen values for the dimensions, satisfaction of the
design constraints is not required for the initial configurations.
After initiation, new configurations are generated in each iteration
and the five current configurations are updated according to the
decision criteria of Nelder-Mead algorithm. Iterations are contin-
ued until the difference between the objective function values of
the current configurations can be considered to be very small,
which is less than 0.005$. Convergence is achieved in the first level
at most in 150 iterations. Because Nelder-Mead is a local search
algorithm, the optimum configuration found after a search is com-
pleted cannot be considered as the globally optimal configuration.
For this reason, the search process should be repeated many times
starting from randomly generated configurations such that the
best configuration is found a number of times. In order to check
the validity of this approach, the optimization process is repeated
100 times. The best result is found five times; accordingly it is con-
sidered as the global optimum. If the difference between the objec-
tive function value of a configuration and that of the global
optimum is less than 1%, that configuration is considered as a near
global optimum. 16 near global optimum configurations are found
in 100 searches. One may conclude that if the optimization process
is repeated about 20 times, there is a very high likelihood of locat-
ing the global or a near global optimum in the first level.

In the second level, both the product design and the processing
design are optimized using the four design and seven processing
variables. This means that the optimal design found in the first
level is allowed to vary in the second level; but it is varied within
the neighborhood of the optimal design. This is achieved by ran-
domly choosing initial designs not within the limits given in
Table 2, but within narrow the limits given by
O.94hfupt < hf.ini < 1.06hfﬂp[
0.94bop < bini < 1.06b,p: (16)
0-94tf.ap[ < i < ]-Oth.opt

0-94tw‘opt < bwini < 1-06tw.apt
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where Nsops, Dopr, trop aNd ty,opr are the optimum values of the cross-
sectional dimensions of the beam obtained in the first level. Initial
values of these variables are randomly chosen between 6% below
and 6% above the optimum values at the start of the second level
as long as the limits given in Table 2 are not violated. After initia-
tion, penalty values are calculated in the subsequent iterations
according to the limits given in Table 2 not according to the limits
given in Eq. (16).

For the second level, the finite element model and the optimiza-
tion algorithm are integrated by developing a code using the built-
in ANSYS parametric design language. This code carries out FE
analyses and evaluates the results to modify the values of the opti-
mization variables according to the decision criteria of Nelder-
Mead algorithm. The same code is also used for the first level,
except that analytical equations are used, instead of a FE model,
to calculate the objective function.

For the second level, the optimization code initially selects ran-
dom values for the optimization variables and creates geometries
for the die and the preform according to these values. Initial values
of the design variables are chosen within the limits given by
Eq. (16), while initial values of the processing variables are chosen
within the limits given by Table 3. Then, the forging process is sim-
ulated by the finite element model using the chosen material prop-
erties to obtain the total strain energy, the pressure distribution on
the die, and the flash length, L;. Then, the penalty values and the
objective function terms are calculated. Because the number of
the optimization variables is 11, 12 initial configurations are ran-
domly generated. In the initial configurations, design and process-
ing constraints are not required to be satisfied except die filling.
This is because if die filling is not achieved for the initial configu-
rations, the search algorithm usually converges on a local optimum
that does not satisfy this constraint. Having completed 12 FE anal-
yses and obtained the objective function values, the program
compares these values according to the decision criteria of
Nelder-Mead algorithm, evaluates new values for the optimization
variables and creates a new geometry to be analyzed. In each iter-
ation, the worst current configuration is replaced with a better
configuration. This procedure is repeated until the stopping crite-
rion is satisfied, which requires the difference between the objec-
tive function values of the best and worst configurations to be
small, less than 0.005$. In about 250 iterations, convergence is
achieved in the second level. As in the first level, the optimization
process is repeated at least 20 times, starting from different ran-
domly generated configurations.

3.6. Failure analysis of the I-beam during its use

If the part to be designed and manufactured with the given val-
ues for the optimization variables is predicted to fail during its use,
a penalty value is added to the objective function in a way that this
configuration of the part is to be regarded as unfavorable by the
optimization algorithm.

3.6.1. Static failure

If the nominal equivalent stress, o4, developed in one region of
the part during its use exceeds the yield strength of the material,
S,, static failure is predicted; then a penalty is added to the objec-
tive function.

A structural analysis is required to determine the stress state
developed due to the loads applied during its use and carry out fail-
ure analysis. For this purpose, an analysis based on Bernoulli-Euler
beam theory is carried out. The top and the bottom of the beam at
the middle section, where the bending moment takes its maximum
value with a magnitude of M. = FLy/4, are critical, because the
maximum normal stress, g4y, develops in these regions. F is the
force applied to the middle of the beam as the worst loading con-

dition during its use. o4 can be calculated using G max = MinaxC/Iz..
For an I-beam with the geometry given in Fig. 3, c is equal to hy/2.
The analytical formula for the area moment of inertia of the I-beam
with respect to the z-axis, I,, in terms of the cross-sectional dimen-
sions and fillet radii is given in Ref. [63]. Because a pure uniaxial
normal stress develops at the top and the bottom, the equivalent
stress is equal to Gy

The intersection between the web and the flange is another crit-
ical point, because the normal stress due to bending is combined
with shear. The shear stress, t;, is calculated by t; = VQ/I.t,,, where
V is the shear force, which is equal to F/2, t,, is the thickness of
the web, and Q is the first moment of area of the region above
the intersection between the web and the flange, which is given
by Q= bt(h,, + t;)/2. The normal stress at the intersection is equal
to i = Mimax(hw/2)/I..

Thirdly, because the shear force in the beam is mainly sup-
ported by the web, it may fail due to shear yielding. The average
shear stress in the web of the beam is approximately calculated as

LA
Rty

Tw ~ (17)

In these three regions, static failure due to yielding is checked
by comparing the corresponding equivalent stress with the yield
strength of the material.

3.6.2. Lateral buckling

Lateral buckling may occur in thin-walled beams subjected to
transverse loads or bending moments when the critical load is
exceeded. The lateral buckling is accompanied by the twisting of
the beam with respect to the principal axes of inertia. The critical
lateral buckling load is calculated [64] as

47 3 EC,m2
g4 ayy<c;1+ ! ) (18)

L \m+6 ;

where E is the elastic modulus, G is the shear modulus, J is the tor-
sion constant, C; is the torsion warping constant, which are given by
(58]

_ Iyyh\%v
¢, - bt (19)
2bt} + (hy + )t

The area moment of inertia of the I-beam with respect to the y-axis,
I,y, is given in reference [63]. The magnitude of the force applied to
the center of the beam, F, (Fig. 1) is compared with F. If F is larger
than F, local buckling is predicted and a penalty is added to the
objective function.

3.7. Finite element simulation of the forging process

Owing to the double symmetry in the cross-section of the
[-beam, only one quadrant of the workpiece and the die is mod-
eled. Because the workpiece is large in the axial direction and
restrained, a two-dimensional model with plane-strain condition
is used instead of creating a 3D model. In this way, the computa-
tional effort is reduced.

3.7.1. Elements and meshing

Selection of an appropriate element type in the analysis is
essential for obtaining reliable results. Selected element should
satisfy a set of requirements: Firstly, the element should be suit-
able for 2D modeling of the structure. Secondly, the element
should have large deflection, large strain capabilities because of
high deformation of the workpiece during forging. Lastly, a high
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order element is more suitable for highly nonlinear deformation
process like cold forging. By considering all these requirements,
the element type selected in this study is Plane183, which is an
8-node 2D rectangular element. In order to determine the mesh
density, a convergence analysis is carried out.

3.7.2. Contact elements

Assuming that the punch does not undergo plastic deformation
and its elastic deformations have a negligible effect on the defor-
mation of the workpiece, its surface is defined as non-deformable
by using rigid lines surrounding its representative area. The die is
defined as rigid target body whereas the workpiece is a deformable
contact body. CONTA172 is selected for the deformable lines in the
workpiece, and TARGE169 is selected for the non-deformable lines
in the punch. The meshed workpiece, contact pairs, and the bound-
aries before the stroke are depicted in Fig. 5. The major contact is
between line L1 and L3-L4.

In this study, the friction coefficient for the interface between
the die and the workpiece is taken to be 0.1, which is within the
range of values adopted in previous studies [33,38,65].

3.7.3. Boundary conditions

There are only displacement boundary conditions applied on
lines and nodes. Symmetry conditions are defined on lines L2
and L5. The punch line is restrained from rotation and movement
along the x-axis. It is only allowed to move through a prescribed
vertical displacement (stroke), s, in the negative y direction.

3.7.4. Material model

Among the several alternatives to model nonlinear plastic
deformation pattern in ANSYS, the selected material model is
multi-linear isotropic hardening (MISO) model. MISO is a rate inde-
pendent model suitable for large strain applications. The flow
curve of SAE 1010 [66] is used to define the stress—strain curve.

3.7.5. Yield strength after forging

Because of work hardening of the material during the cold forg-
ing process, the yield strength of the undeformed material used in
the forging operation, SAE 1010, changes. For this reason, the yield
strength of the deformed material should be used in the failure
analysis and the design of the part. In this study, the modified yield
strength is calculated at the critical locations, where failure is pos-
sible, by obtaining the true stress distribution at those locations at
the end of the forging process using the finite element model and
converting them to engineering stress. The regions around the red

L1

L4

L5 L3

L2 "

Fig. 5. The FE model with its mesh and the boundary conditions.

lines in Fig. 6 show the locations where failure is possible for an
[-beam under a transverse load as discussed in Section 3.6.1.

By simulating the forging process using FEM, equivalent
stresses along these lines are obtained; then the averages of these
values are calculated. Using the following equation, the true stress
values are converted to engineering stress.

or

Or =
E= o

(21)
where a7 is the true stress, 7 is the true strain, o is the engineering
stress, which is used as the yield strength of the material at the cor-
responding line, if it is larger than the yield strength of the unde-
formed material. If the maximum stress that develops at a given
point during forging does not exceed the yield strength of the mate-
rial, S,, one may assume that the yield strength of the material at
that point does not change. Accordingly, the yield strength can then
be taken as 305 MPa for SAE 1010 after forging. Otherwise, it should
be taken as o.

S,=0; if 0p >S5, (22)

Fig. 7 shows the true equivalent stress distribution in the forged
part with typical dimensions at the end of the stroke. The average
stress at the top and bottom is obtained to be about 230 MPa. On
the other hand, the stress between the flange and the web is
300 MPa, and the stress on the web is 290 MPa as can be seen in
Fig. 7. The corresponding engineering stress values are obtained
to be 80 MPa, 105 MPa, and 170 MPa respectively. One may con-
clude that, on the average, there is no significant work hardening
of the material during cold forging under typical processing condi-
tions, and thus no change in the yield strength of the material, if a

Fig. 6. Expected failure locations in the I-beam.
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Fig. 7. True equivalent (Von Mises) stress distribution after forging.
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Table 4

Results of the first level design optimization in mm for F=20 kN.
hf b tr tw Cost, $
45.00 35.00 12.31 8.48 2.554

soft material like SAE 1010 is used. However, if a steel harder than
SAE 1010 is used like SAE 1040 about 25% increase in yield strength
is observed.

4. Results and discussions

By following the aforementioned procedure, concurrent design
optimization of an I-beam is achieved using the following values
for the constant parameters: The force, F, applied to the center of
the I-beam (Fig. 1) is 20 kN. The safety factor is taken as 1.65 due
to uncertainties in its magnitude. The length of the beam is
400 mm. The price of the material (SAE 1010), pmas i taken as
0.79 $/kg, while the price of electricity is taken as 0.113 $/kW h.
The cost of machining the surface obtained after the shearing oper-
ation is 40 $/m2. The elastic modulus, E, of the material is 207 GPa,
its shear modulus, G, is 79.3 GPa, and its density, p, is 7870 kg/m?>.
In the first level of the optimization, the material cost of the I-beam
is minimized using the cross-section dimensions as variables, the
height, hy, and the width, b, of the beam, the thickness of the flange,
t;, and the thickness of the web, t,,. Only the design constraints are
considered to avoid buckling and static yielding failures during the
use of the part. After repeated runs starting from initial random
configurations, the results presented in Table 4 are obtained for
the first level. The optimum height, h;, and the optimum width,
b, are equal to the upper limits of these dimensions. This is under-
standable because if these dimensions are increased while keeping
the volume constant, the moment of area, I, will increase, thus the
load bearing capacity of the beam will increase as long as the web
and the flange are not too thin to cause local buckling. The algo-
rithm reduces the flange thickness, t; and the web thickness, t,
until the stresses at the top or bottom and at the intersection
between the web and the flange become critical. On the other
hand, the average shear stress in the flange given by Eq. (17) is
not critical. Besides, local bucking failure mode does not become
active in all runs; this is because the flange and web thicknesses
are large.

In the second level, seven manufacturing parameters and four
design parameter are used as optimization variables to minimize
the total cost including material cost, forging cost, shearing cost,
and machining cost. Initial designs are randomly generated around
the neighborhood of the optimal values (Table 4) obtained in the
first level. According to Eq. (16), the upper and lower limits within
which random numbers are generated are 42.3 < hy,; <45,
32.9 < b,'m' < 35, 11.57 < tf.ini < 1305, and 7.97 < twini < 8.99 in
mm. After randomly obtaining the initial designs, the constraint
limits given in Table 2 are applied. As for the processing variables,
their initial values are randomly chosen within their constraint
limits given in Table 3. The optimization process is repeated at
least 20 times. The best solution is presented in Table 5.

constraints on the optimization variables given in Tables 2 and 3
are active; optimal values of the design variables are not close to
the constraint limits except the height, h; and the width, b, of
the beam. The total cost is calculated as 3.126 $, while the material
cost is 2.796 $, the forging cost is 0.224 $, the shearing cost is 0.010
$, and the machining cost is 0.097 $. The material cost is about 90%
of the total cost. Even though depreciation of machinery is taken
into account, the material cost comprises a significant portion of
the total cost. This is understandable, because the material cost
includes all the costs involving extraction of the metal from mines,
transportation, obtaining the raw material with the given compo-
sition, etc. Forging, shearing, and machining are only the last oper-
ations. The difference in the material costs obtained in the first and
second levels arises because in the second level optimization, the
material of the flash cut off after forging is also included. The max-
imum contact pressure is 1078 MPa. This means it is almost at its
limit, 1080 MPa, which is 10% lower than the allowable contact
pressure on the die (1200 MPa). Buckling is not critical. This is
because the resulting shape cannot be considered as a thin-
walled structure. Only the static failure condition at the top or bot-
tom is critical, where the maximum equivalent stress reaches its
allowable value, while static failure at the web or web-flange inter-
face is not critical. The constraint on the flash length is not active;
it is 1.71 mm; its lower and upper limits are 0.0 mm and 2.0 mm.
Fig. 8 shows the shape of one quadrant of the optimized I-beam
and the true equivalent stress distribution. Largest deformation
occurs in the web; for this reason, stresses are also large in that
region.

Tables 6 and 7 present the results of the first and second level
optimizations, respectively, for the case in which the force applied
to the middle of the beam during its use is 5% higher, that means
F=21KkN. When the force is increased, the algorithm tries to
increase the flange thickness, t; which effectively increases the

S—
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Fig. 8. True equivalent (Von Mises) Stress distribution in one quadrant of the
optimized I-beam after forging.

Table 6
Results of the first level design optimization in mm for high load, F =21 kN.

Small changes occur in the values of the design variables (hy, b, hy b t tw Cost, $
t; tw) in the sec_ond level as expe_cted, .because local search is done 45.00 35.00 15.30 856 2.950
around the optimum values obtained in the first level. None of the
Table 5
Results of the second level concurrent optimization in mm for F =20 kN.
hy b tr tw I8 ) 3 Ta ty H ¢ Cost $
4477 34.35 12.68 8.51 6.98 1.38 5.85 1.48 3.03 21.95 0.55 3.126
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Table 7
Results of the second level concurrent optimization in mm for high load, F =21 kN.

h f b ty tw gl 5]

3 T4 ty H 1 Cost $

44.96 34.84 14.91 8.51 6.82 1.70

3.81 6.92 0.51 22.79 0.02 3.337

Fig. 9. Initial shape of one quadrant of the preform and the final forged part.

Table 8

Results of the first level design optimization in mm for low load, F=18 kN.
hf b ty tw Cost, $
45.00 35.00 9.03 8.65 2.132

moment of inertia of the cross-section, I,,, in order to reduce the
bending stress, 0 max = MmaxC/Iz.. On the other hand, the web thick-
ness, ty, is slightly increased to overcome bending stresses and
shear stresses. Fig. 9 shows the initial shape of one quadrant of
the preform and the final forged part. The material completely fills
the die as required.

Tables 8 and 9 present the results of the concurrent optimiza-
tion for the case in which the force is 10% lower, i.e. F is 18 kN. If
a lower force is applied, the algorithm reduces the thickness of
the flange, t; to reduce the material use. The width, b, and the
height, hy, of the cross-section are again at their limits as in the
other cases. One may conclude that the most effective parameter
is the flange thickness, t;, after hyand b.

In Table 10, the second level concurrent optimization results are
presented for the case in which not only the cut region but also
the rest of the top and bottom surfaces of the beam are machined.
The cut region has a rougher surface; for this reason the machining
cost is higher (ps,=80$/m?), while the rest of the surface is
smoother forged surface and it machined with the price of
Pm=40$/m?. Because the same force is applied during its use
(F=20KkN), the same results of the first level optimization given
in Table 4 are used in the second level. For the optimum configura-
tion, the material cost is 2.794$, the forging cost is 0.206$, the
shearing cost is 0.013$, and the machining cost is 1.329%. Even
though the machining cost becomes a significant portion of the
total cost, it is still less than half of the material cost, for this reason
similar results are obtained as in the case of small machining
surface (Table 5). One may conjecture that if the machining cost
were larger than the material cost, the algorithm would try to
reduce the width, b, i.e. the top and bottom surface area.

5. Conclusions

Design parameters not only affect the performance of a product,
but also the feasibility, effectiveness, and efficiency of manufactur-
ing. Processing parameters, in turn, affect the performance of the
part. Therefore, effective optimization of a product requires a joint
consideration of design and manufacturing aspects. In this study, a
concurrent design optimization methodology is developed to min-
imize the total cost of cold-forged parts using both design and
manufacturing parameters as optimization variables. The method
is applied to the design and forging of an I-beam under a centric
load and its total cost is minimized including the material cost,
the forging cost, and the post manufacturing shearing and machin-
ing costs. The design variables are the cross-sectional dimensions
of the I-beam; the manufacturing variables are the fillet radii,
thickness of the flash, and the preform dimensions. In the opti-
mizations, both design and manufacturing constraints are applied.
The design constraints include failure conditions due to static
yielding and local buckling during the use of the beam and the
manufacturing constraints include die filling, the maximum allow-
able pressure on the die, and limited flash out of the die.

Considering the difficulty of optimizing the part design and the
processing design at the same time, a multilevel optimization
approach is adopted. In the first level, the design of the product
is optimized; in the second level, both the product design and
the forging process are optimized. Nelder-Mead, which is a zero-
order algorithm, is selected as the search algorithm to find the
optimum values for the process and product design parameters.

;le)lﬁtg of the second level concurrent optimization in mm for low load, F=18 kN.
he b tr tw r T 3 s ty H / Cost $
44.74 34.19 8.91 842 9.24 1.70 3.81 6.92 0.51 22.79 0.02 2.648
Table 10
Results of the second level optimization in mm with larger machined surface.
he b tr tw r [ 3 T4 ty H ¢ Cost $
44.84 34.37 12.86 8.90 5.85 2.14 3.03 1.83 3.57 21.38 0.14 5.294
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Because, it is a deterministic local search algorithm, the optimiza-
tion process is repeated at least 20 times starting from randomly
chosen configurations within the feasible domain in order to
obtain the global optimum configuration or a near global optimum.
Analysis of the cold forging process is performed and the optimiza-
tion process is conducted using ANSYS.

In a multilevel approach, the optimization variables to be used
at different levels should be chosen carefully. In the first level, the
design variables should be used to obtain the optimum part design
satisfying the design constraints. Because in the first level, the
manufacturing constraints are not used, manufacturability of the
part is not ensured. In the second level, not only the manufacturing
parameters but also all of the design parameters that influence the
effectiveness of manufacturing should be used as optimization
variables. In this way, if the design found in the first level turns
out to be not appropriate in terms of manufacturability, the design
can be changed in the second level. While the globally optimal val-
ues of the design variables are searched in the first level within a
large solution domain, design optimization is performed in the sec-
ond level within the close neighborhood of the optimal values
obtained in the first level. After the second level optimization is
performed, optimum product and process designs are obtained.

The proposed concurrent design optimization method proved to
be effective. It not only ensured the manufacturability of the
designed part, but also optimized the part design as well as the
process design. The method developed in this study can be applied
to the optimization of different forged products. For different parts,
different variables and constraints need to be defined and a reliable
FE model of the process needs to be developed.
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