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The present work discusses some principles of materials selection and examines a few selec-
tion criteria and contexts in which this technical activity takes place. Emphasis is given to the
concept of Merit Indices, and to the methodology employed for its deduction. The Materials
Properties Charts and their integration with the Merit Indices are introduced and illustrated by the
former of the two case studies here presented whilst the second associates the methodology of
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materials selection to process selection.
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1. Introduction

Materials selection (MS) is a multidisciplinary activity,
which cuts across a large number of professional fields. As
a consequence, it draws together people with different back-
grounds ranging from the scientific to the quasi-technical,
such as marketing for instance.

Motivations for MS can be either the realization of a
completely new product or, more frequently, the substitu-
tion of an existing material. In the latter case, performance’s
improvement and cost reduction can be the main driving
forces for selection, but malfunction, weight reduction, fea-
sibility of recycling and processability, are also frequent
motivations. For instance, weight reduction is one of the
main targets for design improvements and MS, particularly
in the automotive and aerospace industries'.

Generally any MS event must consider a large number
of material candidates and premature exclusions must be
avoided. Also, when facing a MS problem, engineers are
normally asked to choose a solution which satisfies more
than one objective, that is, not only lower weight, but (for
instance) also low cost, good fatigue resistance, better
fabricability etc. To overcome these difficulties the material
engineer has to observe a number of principles and rules>3#,
some of which are summarized below

* Adoption of the so called compromise philosophy: it is

well known that the ideal material for a given applica-
tion does not exist, and the best is the one which dis-
plays the better combination of useful properties. In-
deed, there are properties inversely correlated, such
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as yield strength and fracture toughness.

¢ At the early stages of any selection process a macro-
scopic approach must be adopted, mainly in order of
not to miss any opportunity. Along the way, new re-
strictions and additional criteria will be applied to the
initial group of candidates, restricting it further and
further until the final choice can be made. Past experi-
ence, embodied in computer-based systems called ex-
pert systems, can be employed to narrow the initial
range of candidate materials®.

e The path from macroscopic to microscopic or detailed
approach can be shortened if a reasoned choice of the
restrictions is adopted. For instance, starting with a
minimum fracture toughness level or a maximum
operating temperature allows early elimination of a
very large number of materials. Generalizing: it is
better to initiate the selection process with non-nego-
tiable properties (that is, requiring the yes or no type
of answer) than with properties which exhibit a range
of values, can be modified by heat treatment, surface
modification, etc. Typically, the non-negotiable ma-
terial properties are qualitative: oxidation resistance;
corrosion resistance; radiation sensitivity, workabil-
ity, machinability. To evaluate and compare proper-
ties classified as qualitative (for MS purposes), adjec-
tives (excellent, good, inadequate, etc.) or grades (10,
8, 7, etc.) can be attributed.

e Interaction of material selection with process selec-
tion (PS) is always a critical point in any product de-
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sign and realization. The difficulties increase when
material and process are interrelated variables. For in-
stance, consider the case in which it was found that
material A is more suitable than material B but the
former cannot be processed as easily than the latter, if
large quantities of the item are required. In this par-
ticular case it may be advisable to start by selecting
the process, say, powder metallurgy. The range of can-
didate materials will thus be restricted to those which
can be processed by that technology.

* Adoption of a formalization methodology by which
materials are ranked according to some criteria. This is
usually the last step of a MS procedure and its use is
mandatory when a large number of materials is involved
and/or conflicting materials demands are present. To-
day there are many techniques which can be employed
for the purpose: (i) decision matrices®; (ii) decision
making theory” and control area diagrams®.

The two last mentioned principles - MS / PS interaction

and formalization methodology, form the subject of the
present paper and will be developed using two case studies.

2. Merit Indices and Materials Properties
Maps

2.1. Merit indices (MI)

This is one of the most important concepts of MS. It is
an algebraic formula expressing a compromise between two
materials properties. In its simplest form a MI can be the
property itself, (or the inverse of it), but in most cases it is
written as a fraction, where the numerator is the quantity
one wishes to maximize and the denominator the quantity
to be minimized. In other world a M1 is a coupled equation
and its use allows a quick comparison of alternatives with-
out having to resort to mechanical design calculations.

For instance, taking strength as the design criteria and
low weight as the critical MS requirement, it can be shown
that the resulting M1 is [6"/p], where n is a function of load-
ing mode, and the most suitable candidate material is the
one in which that ratio is maximized. Alternatively, if two
properties have to be simultaneously maximized, then the
Ml is expressed by their product. Therefore, for each case it
is possible to identify or deduce one (or more) suitable MI.
This methodology is quite simple in some cases but can be
difficult in others, mainly when multiple objectives are in-
volved.

2.2. Materials Properties Charts (MPC)

These are bi-dimensional graphic representations in
which the axes are assimilated to materials properties plot-
ted on logarithmic scales. The range of the axes is chosen to
include all materials, but of course regions of interest can
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be enlarged at will. These maps were introduced by M.F.
Ashby in a pioneering paper® and constitute one of the most
powerful tools for MS. Recently, the MPCs were integrated
with a number of databases forming the CES4.1 software
commercialized by GRANTA DESIGN'. Integration of the
MPC with MI is a very useful MS tool, and a number of
recent papers and textbooks employ the MPC+MI meth-
odology and provide many application examples!'!!213,

3. Case Studies

Material selection - agricultural implement: this equip-
ment is attached to the back of a tractor and is designed to
distribute pesticide in liquid form (spray) on plantations. It
consists of a tank and two long structural arms which sup-
port pipes provided with a number of spray nozzles. The
attributes of the structural arms are low weight, capacity to
distribute the product on a large area and reasonable stiff-
ness. Additional supports are to be avoided because of com-
plexity of assembly, simplicity of maintenance and easy stor-
age when the equipment is not in use. The cost has to be
competitive with the existing solution, which is a carbon
steel. Summarizing:

Product: support of fertilizer sprayers, see Fig. 1;

Shape and sizes: pipe with outside diameter (D) , thick-
ness (t) and length (L) equal to 0.10 m; 3 X 10*m and 5.00 m,
respectively;

Selection motivation: replacement of low carbon steel
by a more suitable material.

Batch number: 50 pairs.

Objectives: low weight, controlled deflection, reason-
able cost.

Candidate materials: aluminum alloy 6061T4, GFRP
(70% fibers type S in polyester matrix), CFRP (70% con-
tinuous and unidirectional fibers in polyester matrix).

MI deduction: the system can be simplified to a canti-
lever beam (with cylindrical hollow shape) submitted to a
uniform load. Bending stress and deflection of the beam are
mainly due to its own weight.

Objective equation:- minimum mass (m)

m=p-Vap-L-(2-7-r-1) (1

where V is volume, p the material’s density and r the arm
average radius (=r).

sprayers support

Py p-y Py p=8 T | p-y p=s p=s =

Figure 1. Schematic representation of the agricultural implement.
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Restriction equation:

WL

= TRE @

where Y is the deflection of the arm, W the concentrated
load (equal to W L, where W is the distributed weight per
unit length), L the length, E the Young’s modulus and I the
moment of inertia. The value of I for a hollow circular cross
section shape is given by:

=2 )= mr 3)
Substituting Equation 3 in 2 we have:
WL}
Y =
e SE(III'S-t) (4)

The free variable is r, and eliminating it between the
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Egs. 1 and 4, results:

(W;I,’ ot
m=|———" —

(TS

P

e

&)

/1

g%
and the MI is equal to:[?]

Figure 2 is a MPC of the Young Modulus (E) vs. density
(p) on which a straight line representing the MI above de-
duced has been superimposed. The axes of the chart are
logarithmic, hence to each pair of E and p the MI corre-
sponds to a unique constant value C:

|

logY =log X +31logC

In the present case Y = E and X = p; therefore this rela-
tionship plots as a straight line with slope 3. This line was
drawn passing through the LC (low carbon) steels position
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Figure 2. A region of the Young Modulus versus density map.
Table 1. Relevant properties of selected materials and performance data.
Materials p E Cost Mass Product Cost Maximum
(Mg/m?) (GPa) (US$/kg) (kg) (US$/unit) deflection (mm)
CFRP 1.5 70 16.50 7.10 117.00 13
GFRP 1.9 26 3.60 8.90 32.00 44
Al alloy 2.8 80 3.40 13.20 45.00 21
Carbon Steel 7.8 210 1.00 36.70 37.00 23
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in the map, since this is the reference material. Integration
between MI and MPC means that the line can be shifted
parallel to itself (thus maintaining slope 3) assuming
different C values, each corresponding to the materials
through which the line passes. The graph shows clearly that
the lowest weight is obtained with CFRP since its MI is
larger than those of the other candidates.

The relevant properties and the performance of the candi-
date materials are summarised in Table 1. It must be observed
that in the present case ‘performance’ is represented by the
weight and by the deflection of the pipes. The two last pa-
rameters were calculated employing Eqgs. 1 and 4.

From the above data the formalization procedure of this
case study can be carried out, and for this purpose the Pahl
& Beitz decision matrix was chosen'®. The man features of
this method are summarized below:

(1) A list of criteria is generated and each criteria is
weighted numerically such that the sum of all weight-
ing factors equals 1;

(i) If there are several criteria in the selection procedure,
an “objective tree” can be constructed to help to as-
sign the weighting factors. In this simple case study it
will not be necessary.

(iii) A matrix of alternatives and criteria is constructed
supposing there are k materials candidates and »n cri-
teria. The matrix is completed by assigning a value v
to each criterion for each alternative. These values can
be assigned as follows: 0 - unsatisfactory; 1 - just tol-
erable; 2 - adequate; 3 - good; and 4 - very good.

(iv) The number of values to assign is (k).(n). Each value
is represented by \ Once all values are assigned, the
(k).(n) weighted values (v W)ij are computed by multi-
plying each value \z by the associated criteria weight-
ing factor W Summing all weighted values for alter-
native i produces the overall weighted value (OWYV)).
It may be useful to point out that if a criteria depends
sequentially from another and each is characterized
by a weigth factor, w, and w_, the overall weight
factor for criteria A is of course w , but for criteria B
is w, X w. In these situations it is advisable to draw
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an ‘objective tree’ in order to identify clearly the rela-
tive dependence of criteria.

(v) OWV._ is the raw score for a given alternative. It is
customary to normalize the overall weighted values
to 1 by dividing them by the product of the maximum
value v and the sum of the weighting factors. The
formula of this weighted rating, WR,, also known as
the weighted property index, is:

n

Z(wj IU)

WR, = ;
Vinax Z w J ( )
j=1

where normally 21 w, =1
J

Table 2 shows the results of the Pahl & Beitz formaliza-
tion procedure applied to the present case study. The largest
OWR was achieved by GFRP, followed by the Al alloy, CFRP
and carbon steel. These results must be considered care-
fully, by remembering that the weighting factors were arbi-
trarily assigned; indeed, the precise assignment of these fac-
tors is a critical procedure which will be briefly discussed
later.

Process selection and material selection - brake cylinder

Product: brake cylinder - grey cast iron (SAE J431 -
SAE 3500),

Selection motivation: material substitution for better
performance.

Batch number: 10.000 parts

Objectives: minimum weight, good surface finish, near-
net-shape characteristics, low cost

Candidate materials: aluminium alloy (A356),
microalloyed steel (ASTM A487)

MI deduction: the system can be simplified to a cylinder
with radius R, lateral surface area A, wall thickness t, sup-
porting an internal pressure P. Therefore:

Table 2. Results of the Pahl & Beitz method applied to the sprayer support.

o Al alloy GFRP CFRP Steel
Criteria W,
U Wj w, Vij v, w, vij v, w, vij \Z w, Vij
Low weight 0.40 3.0 1.2 3.0 1.2 4.0 1.6 0.0 0.0
Low cost 0.40 2.0 0.8 4.0 1.6 0.0 0.0 4.0 1.6
Low deflection 0.20 4.0 0.8 3.0 0.6 4.0 0.8 4.0 0.8
WR 2.8 3.4 2.4 2.4

J
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Objective equation:
m=A -t-p @)
Restriction equation:

PR

g
! t

®)

where G, is the hoop stress. The free variable is t, and elimi-

Table 3. Relevant properties of the component constructed with
the candidate materials

. Aluminium
Castiron  Alloy Steel Alloy
[o/p] 30 47 70
Relative weight* 1 0.65 0.40
Relative part cost 1 1.20 1.06

*For equal strength
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nating it between the above equations, results:

2
m = P . /L; . R . [i} (9)

a

o
and is the MI.
P

Table 3 presents the MI, relative weight and cost of the
component, constructed with each of the selected materials.

The aluminium alloy meets the objective if it can be as-
sumed that the slightly higher cost with respect to cast iron
is offset by the benefit of lower weight. Of course, in real
situations this assumption must be supported by a compre-
hensive study which answers the following question: “how
much is the customer willing to pay for a particular advan-
tage (lower weight, for instance)”.

Next step will deal with PS and the following options
will be considered: Permanent mould casting; tixocasting
and forging.

Table 4. Correlation of Processes, Product Specification and Properties

Process Permanentmould casting Tixocasting Forging
Part weight(kg) 4
| | |I
2
sl I |
0.5
Tolerance (mm/m) 15 I I
10
2 [
Surface roughness (lUm) 12
8
4
2
1
Wall thickness (mm) 9 I b
6
3
Machining steps!® 18 5 18
Leak rate (%) 2 [}
1
it 11}
0
Batch size (x 10%) 20 % I
10
5

I Property range

|I| process capability for the corresponding property

== Product specification
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Product specifications are as follows:

Weight (max): 2.5 kg; Tolerance: 10 mm/m; Surface
finish: 3 wm; Wall thickness: 4.0 mm.

Table 4 presents the correlation between processes (per-
manent mold casting, tixocasting and forging), product
specifications and materials properties.

Analyzing the data it can be concluded that tixocasting
is the more convenient process.

4. Comments and Concluding Remarks

The success of MS formalization procedures, be it the
Pahl and Beitz model or any other technique, depends on
the correct choice of the weighting factors, which must re-
flect the relative priority among the materials properties
and/or MI. Of course, reliance on expert opinion can be
very effective, but a number of novel approaches can im-
prove the ranking procedure. For instance, the concept of
entropy adapted by Shannon and Weaver to problems of
information theory'¢ can be employed in the determination
of weight factors” Accordingly, the entropy E of the nor-
malized values of a j-th material property I, is glven by:

. :-k ZiT; log (10)

where k is 1/log m. It can be seen that when the property
and/or the MI in consideration has a wide scatter, the en-
tropy is low, that is, the information content is high; con-
versely, high entropy corresponds to a uniform set of data
for the property/MI. The relationship between entropy and
weight factor \z is defined by the expression:

1-E,
Wi 11
J Zj:l l_Ej ( )

therefore, low entropy (large scatter) corresponds to large
weight factors. This methodology can be improved by taking
into account information coming from expert opinion; if to
the latter a weight factor w* can be attributed, the overall
weight factor will be w, given by:

Wi Wy "
Wh= —————
>hw,w 12)

Summarizing, MS is a technical activity that bridges a
number of engineering areas but it is also related to non-tech-
nical issues. In general terms, the methodology here presented
is due to M.F. Ashby and although originally conceived as an
educational tool, can be safely applied to real situations*. The
MPC concept embodies the so called macroscopic approach
and allows integration of the MI into the selection process.
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The two case studies here presented were solved following
the Ashby approach and are representative of typical MS
events. In the former case it was shown how to deal with
situations in which multiple selection criteria are present. The
problem was solved by making use of a corresponding number
of weighting factors and by applying the Pahl and Beitz deci-
sion matrix. The second case study dealt with a combination
of MS and PS. This example could have been made more
complex by introducing additional issues, such as the effect
that different manufacturing processes can have on the mate-
rial properties, fabricability differences among materials, such
as machinability, weldability, and many others. Therefore,
although it can be considered that presently MS counts with
a relatively satisfactory methodology, there is still a lot of
scope for a better integration between MS and PS.
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