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Abstract

Some ideas on the place and role of structural optimization in combination of a materials selection procedure are presented. A
side rocker beam of a DutchEVO cémultidisciplinary design project of a concept car at Delft University of Technolagy
considered as a case study. A structural optimization system based on the Multipoint Approximation th#RE) and
MSC.MARC FEA code is employed. The developed technique is used to investigate the possibility to use natural fiber composites
for a given structural component instead of some conventi¢stel, aluminum alloy and non-conventiona{metallic and
synthetic fiber compositegnaterials.© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction The results presented in this paper have been obtained
within the framework of a multidisciplinary project at

According to one of the definitions of sustainability, Delft Univ.er.s_ity of Technology. The DutChEVO project
the sustainable development of human society presup-has been_|n|t|ated as a part of Delft Interfaculty Research
poses, among other challenges, an ecological develop C00Peration(DIOC) program “Smart Product Systems
ment, in other words, the development with special care N Order to stimulate innovative, multidisciplinary
of environmental resourced]. This concerns also the research. The purpose Of. the project is to _develop a
engineering design, which should be based not only on kn_owledge ba_lse for sustainable product deS|gn. A sus-
the requirements on safety, but also on environmentay t&inable car, |n'accordance to DutchEVO prOJect_task,
aspects of product manufacture, use and dispfal means an en\_/lro_nmentally friendly, affordable,_ light-
There are several ways to approach environmentr;lllyv.ve'ght car satlsfyln_g _all current aV‘f’.r future legisla-
friendly design, namely, the design for recyclability, for tions on safety, EmISsIons, recyclablllty, efc. Amang the
minimal energy consumption, for minimal weight, for ways to reach the objective of the prOJ_ect, th_e develpp-
reducing air and water pollution, the gradual substitution ment of the advanced methodology of lightweight design

of non-renewable materials by renewable ones, etc.

is expected to be the most valuable approach. This
These are mostly the optimization problems that are methodology can be based on optimal material selection
often connected to the philosophy and methods of

with respect to minimum weight. Moreover, if materials
material selection. In other words, optimal material 2$rle(;t'orgl'fn:tcelﬁglesdégnthbeepégﬁi%‘gﬁa;hzg 22\:]\/ d%z(:esso':o
selection in product design is one of the ways of beu sL:ed for carl combonents el renewable (;r artl
approaching the sustainability in the modern society u . P » €.9. Tenew or partly
renewable materials, such as composites containing nat-
development. , : o
ural fibers andor natural matrix. A compound objective
*Corresponding author. Tel+ 31-15-278-5726; fax- 31-15-278-  [UNClion is suggested to assist a designer in the final
18309. decision. This allows one to include the environmental
E-mail address: n.ermolaeva@io.tudelft.fN.S. Ermolaeva aspects into the procedure of material selection as parts
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of the compound objective function under the condition rials is required. During recent decades it has been
that they are described numericallgco-points from life accepted that the information on engineering materials
cycle analysis(LCA), for example. The suggested can be presented in two categories: data and knowledge,
approach is based on well-developed techniques that areeven if the distinction between a knowledge base and a
united in one system allowing one to solve the problem database is still uncledb]. ‘Data’ are defined as the
of material selection based of thorough mechanical result of measurements that can be presented in numbers,
analysis of a structural component. whereas ‘knowledge’ represents the connections between
The structure of the paper is the following: the basis items of data and is mostly expressed in plain language.
of the proposed approach with short overview of mate- According to these categories there are two possibilities
rial selection methods; description of a case study; to maintain the process of material choice, via material
results of preliminary material selection; description of databases or knowledge-based systéKBS). The for-
the structural optimization technique; comparison of the mer contain information on engineering materials, and
materials series obtained via different formulation of the best form of their presentation is a computerized
material indices and the developed approach. The assessdatabase that provides easy access to the materials’ data.
ment of the natural fiber composites applicability in The latter comprise expert knowledge capable of assist-
heavily loaded and less loaded structure of a givening the user in an interactive way to solve various

component is also discussed. problems and queries. The review of both possibilities
can be found elsewherfs]. The simplest form of a
2. Basis of the developed approach materials database is the data in handbooks on engi-

neering materials containing mechanical, physical,

From an engineering viewpoint, material selection is chemical properties. More sophisticated databases are
a process aimed at the identification of materials which presented by computerized systems which sometimes
after appropriate manufacturing will have the dimen- form material selection packages. It is worth mentioning
sions, shape and properties necessary for the product ohere the Cambridge Material Select@MS), that being
component to demonstrate its required function at the broadened by additional features and databases on mate-
lowest cost[3]. In this definition of material selection rials processing, yielded in the Cambridge Engineering
by Gutteridge and Waterman it is easily seen that the Selector(CES) [7]. This tool for materials selection is
process of material choice is accompanied by someflexible enough to construct performance indices and
constraints, i.e. certain geometry, required properties andconstraints in different combinations, has a very conven-
low cost. In other words, the idea of material selection ient graphical interface and, most importantly, contains
is always to reach the optimal solution of the optimiza- vast materials databases. Performance indices and con-
tion problem that is formulated in terms of objective straints for material selection depend on a problem
and constraint functions under a number of design formulation, i.e. the aim of material selection, a struc-
variables within corresponding side limits. In the case tural component function, possibility to manufacture,
of a multi-objective definition of optimal material selec- etc. In other words, the material selection via materials
tion, it is often not possible to reach the optimal values databases is a problem-dependent process. The materials
of all objectives simultaneously, and only a compromise selection using KBS seems to be also a problem-
solution is feasibld4]. According to Ashby, the goal of dependent process. It starts with the formulation of
choosing a material is to optimize a number of metrics objectives and constraints that are then translated to
of performance in the product in which this material is heuristic rules. The rule-based technique ‘If-Then’ is
used. Common among these metrics are cost, massimplemented in KBS to perform the material selection.
volume, power-to-weight ratio, energy density, and there Presented in8], KBS for material selection provides
are many more other characteristics that can be inthe connections not only to the mater{@blymer-based
conflict with each other. Special methods based on composite} database, but also to the KBS for design
optimization or decision-making theories can be for cost (manufacturing cost is considepednd to the
employed to solve this kind of conflicts. The optimiza- design analysis tool. Consequently, the KBS of such
tion problem should be formulated as correct as possible,type can be employed, both in the concept and embod-
because the accuracy of the solution of the optimization iment stages of design, the latter being accompanied by
problem depends rather on formulation than on the structural analysis. It is important to note that some
employed method. We will show in following sections assumptions concerning structural analysis are employed
how the result of material selection varies depending onto derive performance and material indices also in the
problem formulation. methodology proposed by Ashhjy], but these assump-

In order to provide an optimal material selection in tions are valid for limited number of load cases, bound-
single- or multi-objective formulation, an optimization ary conditions, and material behavior models. For
method alone is insufficient to solve the problem; the example, these indices do not take into account the
systemized information on available engineering mate- situation when structure buckles. In this case a designer
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Fig. 1. The developed approach.

needs more valid methods of mechanical analysis of theaccount, e.g. buckling accompanying other mechanical
designed component. constraints on design.

To conclude the short review on existirfgr visible The scheme of the developed approach is given in
in future) tools for material selection, it is possible to Fig. 1. It should be noted that the procedure is problem-
line them up in series with respect to the increasing dependent and a componefr group of structural
degree of accuracy of taking into account the mechanicalcomponents should be assigned beforehand. Material
behavior of a structural component. The first one, as theand performance indices are derived on the basis of
most simple, is material data on standard mechanicalperformance targets, requirements of the standards and
properties that designer can find in handbooks, etc.legislations and external loads analysis. CES is
Then, the computerized databases accompanied by samemployed for preliminary material selection. In order to
ples of material strength theor§simple structures and perform structural optimization of chosen component,
load casek like CES, can be considered. KBS is at the an optimization system was constructed on the basis of
following step of the improvement of material selection the Multipoint Approximation method with Response
procedure, because it contains not only computerizedSurface fitting (MARS) combined with MSC.MARC
material databases but also expert knowledge and, inFEA code[9]. Because the material selection is consid-
addition, can provide links to structuré$tress—strain ered here as a multi-objective optimization we use a
analysis of the component. compound objective function in the following form:

The next step in improving the process of material
selection in the part of structural analysis can be the 1)
combination of material selection and structural optimi- wherea; and¢; are weight coefficient and materiébr
zation. Nowadays, structural optimization is employed performancg index, respectively, foi-th objective,i=
in the design process mainly in the stage of detailed 1,..., ». It is better to derive indices in dimensionless
design, when the material, manufacturing process andform (normalized, e.g. to the reference materiat
basic dimensions are determined. This paper suggest®rder to avoid the use of so-called ‘exchange constants’
the material selection in combination with structural which have been formulated {@#]. One should be aware
optimization procedure. As noted in Section 1 we only that the sum of weight coefficients is equal to
employ well-developed techniques and organize them inunity. In this paper we consider only mass and cost
one system that allows solving the problem of material index, but the form of the compound objective function
selection based on thorough structural analysis of aallows one to include other requirements applied to the
component. In other words, each material-candidate component. These might be environmental impact fac-
shows its best potential in mechanical behavior under tors, cost for recycling, etc., if they can be presented in
given load and boundary conditions. It makes sense if some numbers. The final choice of optimal material can
several modes of material resistance are taken intobe made then on the base of minimization or maximi-

c=oq 1ot toc;+...ta,c,
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under the bending stiffness, strength and buckling
constraints.

4. Materials

4.1. Preliminary materials selection

Preliminary material selection was done with the help
of CES, product of Granta Design Ltd. This selector is
based on the graphical engineering selection methodol-
Fig. 2. DutchEVO car bottom structure and chosen case study. P isogy developed by M. Ashby and co-workers at Cam-
the design load. bridge University, UK[7]. It integrates the selection of

optimal material and the best manufacturing process
zation of the compound objective function depending route. CES contains extended database on materials,

on the problem. references, links, etc. The CES methodology provides
designers with so-called material indices which depend
3. Case study on the performance of a given detail and the objectives

of optimal material selection. In the case of lightweight

The DutchEVO car project started with the evaluation design of a stiff and strong beam, the recommended
of a design baseline, factors that can be improved in Material indices areE?/p and ¢*°/p (E is the
order to avoid ‘unsustainabilities’, and potentials of Young's modulusp is the material density, and is the
integrated multidisciplinary research. As a result, a Stress at the tension site of the béam _
hierarchy for design of the DutchEVO car was deter- ~ The first round of the preliminary selection was
mined. Low mass of the car appeared to be at the performed using the evaluation version of CES package.
highest level of this ladder of design prioriti€&0]. One The procedure was based on the above-mentioned indi-
of the design possibilities for the DutchEVO car, which ¢es and limited values of Young's modulus, fracture

is considered as advantageous for the car structurefoughness and a material price per kg. Four stages of
helping to solve the ‘safety—lightweight design’ con- the selection were executed and their intersection was

ﬂict, is the raised floor Concept_ Large rocker beams on considered as the result of the first round of the materials

both sides of the car floor are required to absorb the choice[12].
side impact energy at the level of other cars’ bumper. The second round of material selection was done
This concept developed later into the type of a platform using the educational version of CES through two and
structure for the car body when the bottom part of a car three graphical stages. The first two stages were based
carries the main loads. This also gives the possibility to ©n material index for a light and stiff beam, fracture
use non-conventiona(light, renewabl¢ materials for toughness and material price. The third one included the
the upper part of bodywork in less loaded substructures.environmental aspects of design: recycle fraction and
An additional weight decrease could be expected in this energy content. The summary information on the struc-
case. A side rocker beam, considered as the main loadtural materials that passed the stages of the selection in
carrying component of the bottom structure, was chosenboth rounds is given in Table 1.
as a case studéFig. 2). The difference between the results of the first round
The design load applied to the case study results fromand two stages of the second round selection might be
the automotive standards on overall bending stiffness of explained by the recall ratio of materials databases in
load-carrying automotive body parts. Side impact resis- different types of CES packages. If the user has a
tance of the rocker structure is outside the scope of thiscommercial version of the selector, or maybe, version
paper and is discussed [a1]. Geometry of the rocker aimed at the material selection in a particular industrial
beam is given by design constraints and is representedoranch, then the choice can be more specific. For the
by a hollow, rectangular cross-section. The finite element purpose of this paper, the recall ratio of the considered
model of the rocker beam and the validation of boundary materials databases is sufficient enough to show how
and load conditions is given ifil2]. The mechanical the procedure can be constructed and used. The third
performance of the beam of given geometry under the stage of the second round devoted mainly to the require-
bending stiffness requirement calls for an additional ment of the recyclable material fraction. A relatively
demand of geometrical stabilitphon-buckling behavior high value of recycle fraction of approximately 0.8 was
of beam walls. We also included into consideration the considered. This value yields from the discussions on
requirement on maximum equivalent stresses. Thus, theenvironmental regulations for future automotive design
optimal design of the chosen case study is performedin the European Union. It is easy to see that the



N.S. Ermolaeva et al. / Materials and Design 23 (2002) 459—470 463

Table 1

Results of material selection via CES

Material First round Second round: Second round: Second round:

stage 1 stage 2 stage 3

Alumina particulate + + + _
reinforced Al

Aluminum/iron composite + + + -

Aluminum/silicon carbide + + + -
Composite

Cast aluminum alloy - + + +

Cast magnesium alloy - + + -

Epoxy/glass fiber composite + + + —

High density wood — + + _
(longitudina)

Wrought aluminum alloys + + + +

Wrought magnesium alloys + + + +

recyclability being included into the scope of require- fiber composites are renewable or partly renewable
ments can leave virtually no choice for a designer. materials, depending on the matrix. Fibers for such kind
Based on the results of the first round of material of composites can be derived from hemp, flax, jute,
selection(see Table 1 we made the preliminary choice sisal, cotton and some other plant resources. Different
of material groups that were considered later as candi-plastics(thermoplastics or thermosgtsan be used as a
dates for the DutchEVO car side rocker beam. We matrix. An epoxy, polypropylenéPP) and polyester are
excluded from this group and added to it some of the the most promising materials for matrices in structural
materials. For example, aluminyisilicon carbide com-  composites.
posite, according to the CES materials database, has a The main advantages of natural fiber composites are
large range of price. Because of the price variety, non- their low weight and cost in comparison to other
comparable with the other resulting materials, we materials. They can be easily disposed at the end of life
excluded this material from consideration. Epgglass  cycle, and in addition, without environmental damage.
fiber composite was substituted by a composite of epoxy  The disadvantages of natural fiber composites with
matrix reinforced with carbon fibers because of availa- respect to structural design are, first of all, relatively
bility of the mechanical properties of the material 0w mechanical properties, which, furthermore, are sen-
suitable to produce the hollow, rectangular beam with sitive to service conditions, such as humidity and tem-
thin walls and covers, in other words under the consid- perature. The mechanical properties of natural fibers
eration of technology that can be applied to provide a5 have large scatter due to the growing conditions of
specific mechanical behavior of the beam of prescribed pjants and subsequent storage of raw material and fibers.
geometry [12]. The properties of such a composite " Thg first applications of this group of materials in the
material should be at least the same in different direc- 5 1omotive industry have been aimed at the substituting
tions of the plane. They are allowed to be different from synthetic compositeéglass or carbon fiber composite
the properties in the plane only through the thickness of iy iy non-loaded or lightly loaded interior parts, such
the composite plate. Medium carbon steel has beenas door trim panel§PP/flax, polyurethangflax, in ’A-
included into consideration as a reference material. Thus,Class Mercedes Behzrear s'helf trims(PP/flax ' Chev-
the following materials were chosen as the first group rolet).  trunk  trims  (Daimler-Bena, da,shboard

of candidates for the case study structure: (Daimler-Ben2, seat squabs, mats and panéismbi-

® medium carbon steel; nation of natural fibers, Ford Motors Compangnd

® alumina particulate reinforced aluminum; some others. There are also known exterior applications

® aluminumyiron composite; of natural fiber materials, for example an underbody

® epoxy/carbon fiber composite; paneling and the covers of motor and gearliB®/flax

e wrought aluminum alloys; and in A-Class Mercedes Ben413,14.

® wrought magnesium alloys. The natural fiber composites application to medium
and heavily loaded structures will be possible through

4.2. Natural fiber composites the improvement of their mechanical properties, relia-

bility of mechanical testing results, proper material
As pointed out in Section 1, the gradual substitution models for numerical simulation of structural behavior
of non-renewable by renewable materials can contributeand the development of design guidelingk0]. For
to the sustainable development of the society. Natural example, the use of special chemical treatment based on
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modifiers or compatibilizers makes the adhesion of the design load and side constraints. We would like only to
fiber and the matrix better that improves the mechanical mention here that for each design point the maximum
properties of the composite. values of deflection, stresses and lowest critical load,
In the current paper, in addition to more or less that are needed to calculate constraints, result from the
conventional materials selected as the first group of mechanical behavior analysis, FEA in our case.
candidates for DutchEVO side rocker beam, we evaluate The Multipoint Approximation method based on
the composites reinforced by randomly distributed non- Response Surface analy<MARS) [27] was used as
modified natural fibers. PP matrix was chosen as the the structural optimization tool. This optimization tech-
most usable in automotive applications. A fgRss nigue is based on approximations of objective and
fiber composite was considered for comparison. Thus, constraint functions in specially or randomly distributed
the second group of material-candidates is: points of a design space. The random plan of nhumerical

PP/glass fibers(40%)%, [15,1§ and CES database: experiments gives the advantage of performing a contin-

: PP/flax fibers (30-40%, [16—19: uous procc_edure even if t'here is no so_Iutiqn in_ one or
e PP/hemp fibers(40%) [EL6—18 Zé' several points of the design space. This situation often
e PP/jute fibers(40%) f16—18 2,1—’213 occurs durlng. the FEA when structure buckles and FE
e PP/sisal fibers(40%5 [16—1é 2121 and program terminates Wlth_ wrong exit number. The MARS
e PP/kenaf(40%). [17,’25. T technique skips this point and searches for the nearest

point where the solution exists. The structural optimi-
The mechanical properties for the most of the com- zation is an iterative process, which stops when one of
posites were averaged over the data taken from thethe termination conditions occurs. The MARS program-
references given above. In addition, the properties of aming codé contains the common type of approxima-
PP/flax (30% mass fraction composite produced by tions: linear, multiplicative and reciprocal. In order to
SYMALIT GMT were experimentally obtained in our reduce the computational time, we implemented the
laboratory according to the ISO527-1 standard. Severalmechanistic approach to develop simplified approxima-
of these properties were presented26]. The mechan-  tions of the constraint functions. It was shown [i9]
ical properties of a Pfhemp fibers composite have that if the mechanical behavior of an optimized structure,
been estimated based on the following assumptitas:  or the parts of this structure, can be even approximately
the considered composites have the same distribution ofdescribed by engineering equations then mechanistic
fibers in the matrix(b) the fibers are of the same aspect approximations can be easily derived and applied to
ratio; and (¢) they have the same characteristics of corresponding mechanical constraints. In this case the
adhesion with the PP matrix. The density of the com- convergence of the optimization procedure needs a fewer
posites was calculated using the mixture rule based onnumber of iterations and, hence less structural analysis
the corresponding data on fibers and PP matrix from calculations. The mechanistic approximations derived
CES database and other sour¢#s,14. for the considered structure reduced the number of FEA

o runs by three to four times.
5. Structural optimization

. N 5.2. Construction of the optimization system
5.1. Formulation of the optimization problem f P Y

A structural optimization problem for the case study N order to solve the optimization problem, we devel-

under consideration is formulated here as follows: oped an optimization systef®] using an optimization
code that was linked to analysis software and, therefore,

— minimize mass of the beam under the constraints of the whole system combined three following parts: optim-
bending stiffness, strength and buckling; the beam is jzation programs(optimizen, problem-dependent ana-
consid_ered simply supported at both edges, loaded inlyzer and interface programs that connected the
the mid-span, and has a hollow rectangular cross-gptimizer with the analysis software. These interfaces

sect_ion(se.e Fig. 2; ) depend on the structure of the analysis code and have
— design variables are: the wall and cover thicknesses;ty pe created for each specific application. The
the depth and width of the beam; MSC.MARC FEA code provides a user subroutines

— side constraints are limited only by structural geom- feature, which allows users to substitute their own
etry (neither technological nor manufacturability gyproutines for those existing in the progrd@s. It
aspects are taken into accolunt sufficiently simplifies interface programming and makes
The mathematical formulation of this optimization the MSC.MARC FEA code attractive to user willing to

problem one can find if9] along with the values of interfere in the calculation process. Several user subrou-

L Here and below the fiber volume fraction is shown in parentheses, 2 The MARS optimizer code was kindly provided by V.V. Toropov
if the other is not mentioned. (Bradford University, UR for this project.
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5.3. Results of structural optimization

i ; | optimizer- i

i Mentat ! \ analyzer ' . . .

; L interface ; The optimal design of the given case study has been
e l P 5 performed using the developed optimization system for
P P )) two load cases(l) the side rocker beam is considered
P \ as a main structure providing the necessary bending
; Y bt : stiffness of an entire bodywork; an(®) the bending
MSCMARC | | RS stlft\ests) is provllded ?Iy thet_bptt(im .structurel,I l‘;he ;lde
: (@nalyzer) |+ opimiser rocker beam only partly participates in overall bending

resistance. In the latter case, the design load was reduced
by 10 times. In the first load case the side rocker beam

. was considered as a heavily loaded structure, whereas
: in the second case as the less loaded stru€toeslium-
- or light loaded in dependence on load categories
| D) D definitions).

; ; Optimal design variables and the corresponding mass
i of the side rocker beam are given in Table 2 in

’ ' accordance with optimal solutions obtained during the
numerical calculations using MARS optimization sys-
tem. One might notice that no optimal solution exists
for the heavily loaded side rocker beam of PP compos-
ites reinforced with natural and even with glass fibers.
tines were employed, such as ‘impd.f, ‘elevar.f and These materials have low mechanical properties because
‘ufxord.f’. They allowed us to get necessary information of the random distribution of fibers in matrix. They
for particular nodes and elements and, in addition, to could not provide the desirable bending stiffness under
re-mesh the model in accordance with the geometry of given limits on design space that resulted from the
each new design. All programs: optimizer, analyzer and manufacturing constraints. The polymer products can be
interfaces, were combined in MARS optimization sys- produced in limited thicknesses that are less than 5-6

analyzer-optimizer interface

Fig. 3. The MARS optimization system.

tem via ‘start optimization.bat’ file to start the optimi-

zation procedure.

A scheme of

optimization system is shown in Fig. 3.

Table 2

the developed

mm.

A set of active constraints in optimal desigfisee
Table 2 differed with respect to the load case. This set

The optimal solutions using MARS optimization system in case of heavily lo&diecheratoy and less loaded structufdenominatoy

Material (group of selectiojf Wall thickness Cover thickness Depth Width Mass Active
(mm) (mm) (mm) (mm) (kg) constraint®

Medium carbon stee(l) 1.28/1.00 1.671.20 244.3200.0  135.0135.0 21.08814.190 1, 3none

Wrought aluminum alloy(l) 2.10/1.30 2.281.30 339.8200.0 135.0135.0  14.49$6.184 1, 3none

Wrought magnesiunil) 2.4/1.30 4.6431.30 350.0200.0  137.6135.0  14.4274.246 1, 3none

Aluminum/Iron composite(l) 2.05/1.30 2.2¥1.30 334.9200.0 135.0135.0  22.55%9.973 1, Inone

Alumina particulate reinforced 1.96.30 2.181.30 326.4200.0 135.¢135.0 14.4036.707 1, 3none

aluminum(l)

Epoxy/carbon fiber compositél) 2.46/1.30 3.541.46 311.6200.0 135.¢135.0 9.9513.656 1, 33

PP/glass fiber composité40%) (I1) —/2.01 -/2.18 -/330.0 -/135.0  No optimal 41, 3
solutiory7.989

PP/flax (40%) (11) —/2.34 -/4.05 -/350.0 -/135.0  No optimal #1, 3
solutiory7.642

PP/hemp(40%) (1) -/2.22 —/2.52 -/350.0 —/135.0  No optimal 41,3
solutiory6.914

PP/jute (40%) (I1) —/2.44 -/5.04 -/350.0 -/140.1  No optimal #1, 3
solutiory9.165

PP/sisal (40%) (1) - - - - No optimal -
solution

PP/kenaf(40%) (I1) —/2.526 —/5.209 -/350.0 -/160.0  No optimal 41,3

solutiory10.665

a(1) corresponds to the first grouiBection 4.3; (1) to the second groufSection 4.2.
b1 corresponds to the bending stiffness; 2 to the strefigtctive in all solution}, 3 to the buckling constraint.
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Table 3
Input data for materials indices
Material Young’s modulus Density Price
(GPa (kg/m?) (Euro/kg)
Medium carbon steel 210 7840 0.572
Wrought aluminum alloy 70 2840 1.750
Wrought magnesium 42 1950 2.273
Aluminum/Iron composite 74.4 4580 4.085
Alumina particulate reinforced 81 3080 5.719
aluminum
Epoxy/carbon fiber composit€60%) 69 (longitudina) 1600 14.742
PP/glass fiber composité40%) 7.75 1670 1.436
PP/flax (40%) 4.65 1199 0.903
PP/hemp (40%) 6 1236 0.860
PP/jute (40%) 3.96 1174 0.862
PP/sisal (40%) 1.61 1172 0.892
PP/kenaf (40%) 3.55 1242 0.860

is an indication of the involvement of a material in the materials were compared usin@) some of the material
resistance behavior in accordance to one or anotherindices provided for optimal material selection for sam-
mechanical constraint. For more or less regular structuralples of simple structures and load cases; é&ingl the
materials with comparatively good mechanical proper- developed approach based on the compound objective
ties(in our case they compile the first group of candidate function introduced in Section 2.

material3 bending stiffness and buckling constraint ~ We looked at the material indices for a light and stiff
were active for the heavily loaded side rocker beam beam,E*?/p (see Section 4)1 and for a light, stiff
whereas none of the considered constraints becameand cheap beank?/(pp); the latter takes into account
active for the light loaded structure. An exception was also the price of the materigl, The input data for these
the epoxycarbon fiber composite structure in the light- indices are given in Table 3. The price of the PP matrix
load case when the side rocker beam was designedcomposites was calculated using the average data on the
based on the structural stability behavitmuckling was fibers and matrix from the CES database and other
the only active constraiit The second group of candi- sources[15,16,19,28 For steel and metallic matrix
dates showed the full participation in resistance to composites it was averaged based on the data of the
bending and buckling behavior for the light loaded case CES database. The free market prices of aluminum and
study. The resume in general seems to be obvious if onemagnesium alloys were consider¢80,31. The price
takes into account the degree of material involvement of epoxy/carbon fiber composite was evaluated based
in the resistance to applied load. Under the given on the average price of matrikCES databaseand
conditions of optimization problem it is unreasonable to fibers produced by Zoltek CorporatidB82]. Figs. 4 and

use the materials of high mechanical properties for the 5 show the above indices for the considered materials.
less loaded case study and the materials of low mechan-The larger these indices, then better the material to be
ical properties for heavily loaded structure. The appli- used in the light and stiff or light, stiff and cheap beam.
cation of the epoxycarbon fiber composite to the case = The comparison of the obtained data on the material
study structure is the most promising. This material has index for a light and stiff beamE*/2/p, (see Fig.

the Young’s modulus that is comparable with aluminum resulted in an epoxicarbon fiber composite as the best
alloys and, in addition, it is much lighter. If minimal material for the considered structure. Wrought magne-
mass is considered as the only criterion for the optimal sium and wrought aluminum alloy are the next candi-
material choice, then the epoxy/carbon fiber composite dates. This conclusion coincides with the results of the
is the best candidate for the given structure under bothcomparison of the materials by optimal mass for the

considered load cases. light loaded rocker beam and is pretty close to the
In Section 6 the importance of factors other than massresults for the heavily loaded beafsee Table 2

and mechanical behavior of structures, are discussed. If the materials price is included into consideration

via the material index for a light, stiff and cheap beam,

6. Comparison of different approaches EY2/(pp) (see Fig. 5, then steel remains the best

choice as a material for the given structural component.
The purpose of the paper is to show how structural However, as the next candidates, non-conventional com-
optimization can be employed during material selection, posites can be considered: PP composites reinforced
and what effect it gives in comparison with other with hemp, flax, jute or kenaf fibers compete in this
material selection criteria. Therefore, all considered case with aluminum alloy.
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Fig. 4. Material index for a light and stiff beam.

The material selection based on the above materialsions. The compound objective in form of EQl)
indices gives a result without the consideration of includes two parameters for material selection discussed
geometrical design constraints which, for example, here, namely, the optimal mass under the correspondent
depend on a material processability. Geometrical con-|oad case and the price of the material, both normalized
straints in combination with the applied load and bound- 4, stee| as the reference material. The weight coefficients

ary conditions affect the involvement of the material in oo taken rather ad arbitrium, i.e. 0.8 and 0.2, assuming
one or another mode of mechanical behavior, in otherthat the mass is more valuable than the price. As

words, in the resistance to applied load. This also can mentioned in Section 2, other parameters can be also

play a significant role in optimal material choice. . . . . Lo
The developed approach allows one to select themcIuded into consideration on availability. They can

material in accordance with the thorough mechanical contribute to materials choice via separate objectives of
analysis of designed structure. For the given case study? Multi-objective optimization problem or via constraints

the category of the applied load is taken into account depending on the formulation of the problem of optimal

that makes possible to consider the capacity of load material selection. The weight coefficients should result
resistance of the structure leading to the optimal dimen- from the expert’s evaluation.

02.28

14.5816.16 44 44

Fig. 5. Material index for a light, stiff and cheap beam.
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Fig. 6. Compound objective function for the heavily loaded structure.

The estimated data on compound objective are pre-medium carbon steel—for the light, stiff and cheap
sented in Figs. 6 and 7. The minimum value of the beam. The developed approach shows steel as the best
compound objective function corresponds to the bestcandidate for the heavily loaded case study structure
material-candidate. As one can see in Fig. 6 it is steeland a PPhemp fiber composite—for the light loaded
for the heavily loaded side rocker beam. Wrought structure. This result can be different if one changes the
aluminum and wrought magnesium alloys are the next weight coefficients showing the significance of separate
candidates. For light loaded beafsee Fig. 7 the objectives in multi-objective compound function lod
sequence for material choice starts from a/Rémp adds the other parameters that are also valuable for
fibers composite following by PP composites reinforced material choice, i.e. recyclability, manufacturability,
with flax and jute fibers. crashworthiness, etc. For example, if the designer is

It is important to point out that the optimal material restricted by the car component mass limit, say 15 kg
choice depends on the formulation of the problem as for a side rocker beam in the case of a heavily loaded
well as on the applied criteria and method. We can structure, due to the necessity to decrease the CO
summarize our results as follows. Material selection emissions down to a certain level, then steel is out of
based on indices gives an epgrarbon fiber composite  consideration(see Table 2 and a wrought aluminum
as the best material for the light and stiff beam and a alloy can be named as the best candidate Fig. 6.
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Fig. 7. Compound objective function for the light loaded structure.
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7. Conclusions [7]
The paper suggests the material selection in combi- 8
nation with structural optimization procedure. Employ-
ing the well-developed techniques we organized them
in one system that allows solving the problem of [9
material selection based on structural optimization
including mechanical analysis of a component. In other
words, the optimal material choice according to the
constructed system is based on the best potential of each
material-candidate in mechanical behavior under given [10]
load and boundary conditions. In order to show the
advantage of the proposed procedure, the MARS optim-
ization system was developed and applied to the design
of the side rocker beam of the DutchEVO car with [11]
respect to the minimum mass under stiffness, strength
and buckling constraints for two load cagégavily and
light loaded structure The compound objective for-
mulated here included optimal mass of the designed
structure and the price of the corresponding material.
Other parameters such as recyclability, manufacturabili-
ty, LCA impact factors, etc., can be also included into [13]
consideration, if available.

)

(12

Comparison of the results of the materials selection [14
according to different approache&ia the material [15]
indices and the compound objective funcicshowed [16]

that the optimal material choice depends on the formu- [17]
lation of the problem as well as on the applied criteria

and method. In addition, the possibility to use PP matrix
composites reinforced by non-modified natural fibers in 18]
automobile structures was examined in comparison with
the conventionalsteel, aluminum alloy and non-con-
ventional (metallic and synthetic fiber composifes  [19]
materials based on the given case study. The developed
approach shows steel as the best candidate for the (20]
heavily loaded case study structure and g trfnp fiber [21]
composite for the light loaded structure. For heavily
loaded structures oriented natural fiber composites might

be feasible and will be the subject of further research.
[22]
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