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Resumen: Los nuevos materiales penniten diseños más avanzados. Para realizar estos diseños hace falta 
disponer de datos sobre las propiedades de los materiales y de un procedimiento adecuado para su selección. 
En este artículo se descubre un procedimiento para seleccionar, entre los materiales disponibles, un 
conjunto de materiales idóneos para una aplicación detenninada. El procedimiento utiliza Mapas de 
Materiales; una nueva fonna de representar datos relacionados con las propiedades de los materiales e 
1 ndices de rendimiento; una combinación de propiedades de los materiales para una aplicación detenninada. 
Tanto el material como la fonna idónea se pueden optimizar utilizando estos métodos. Varios ejemplos 
muestran cómo se aplica este procedimiento para evitar fracturas. 

Abstract: New materials enable advances in engineering design. But the advances are possible only if 
data for appropriate properties are available and a procedure exists for using the data to make a rational 
choice. This paper describes a procedure for materials selection shich allows the identification, for among 
the full range of materials available to the engineer, the subset most likely to perfonn well in a given 
application. The procedure makes use of Materials Selection Charts: a new way of displaying material 
property data; and performance índices: combinations of material properties which govem perfonnance. 
Optimisation methods are employed for simultaneous selection of both material and shape. The method 
is illustrated by applying it to selection to resist fracture. 

l. INTRODUCTION 

The perfonnance of an engineering component is 
limited by the properties of the material of which it is 
made, and by the shapes to which this material can be 
fonned [1-6]. Under sorne circumstances a material can 
be selected satisfactorily by specifying ra~es for 
individual properties: K1c > 25 MPa.m11 and 
O'e > 250 MPa for example, where K1c is the 
fracture toughness, and a e is the endurance limit. 
More often, however, performance depends on a 
combination of properties, and then the best material is 
selected by maximising m:te or more 'perfonnance 
índices'. An example is the specific stiffness E/p (E 
is Youngs modulus and pis the density). Perfonnance 
índices are govemed by the design objectives. Several 
are derived later in this paper and many others are 
tabulated elsewhere [6,7]. The shape of the cross
section is also an important consideration. Hollow 
tubular beams are lighter than solid ones for the same 
bending stiffness and 1-section beams may be better 
still. lnfonnation about section shape can be included 
in the perfonnance index to enable simultaneous 
selection of material and shape. 

2. THE PROCEDURE 

2.1 Performance Indices 

A performance index is a group of material properties 
which govems sorne aspect of the perfonnance of a 
component [6,7]. They are derived from simple models 
of the function of the component, as illustrated by the 
following example. 

A material is required for a light, stiff beam. The aim 
is to achieve a specified bending stiffness at minimum 
weight. The beam has a length Landa square, solid, 
cross-section as shown in Figure la. The mass of the 
beamis 

m=ALp, (1) 

where A is the area of the cross-section and p is the 
density of the material of which the beam is made. The 
stiffness S of a simply-supported beam with modulus 
E, second moment of area 1, central load F, and 
central deflection B, is 

(2) 

with C¡ = 48 for 3-point bending. Other supports, or 
other distributions of load, change C¡, but nothing 
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else. Assume that the beam has a square section, of 
side b. The second moment of area is 

(3) 

The stiffness S and the length L are constrained by 
the design. The area A is a 'free' variable that we 
wish to choose so as to minimise the mass, while 
meeting the constraints. 

Substituting for I in equation (2) and eliminating A 
between this and (1) gives 

m= (lll)112(L~/2 fL). 
C¡ \E112 

(4) 

The mass of the beam can be minimised (and 
performance maximised) by seeking the material with 
the largest value of the performance index 

(5) 

The sarne performance index holds for square-section 
beams with any value of the design stiffness S, any 
boundary conditions and distributions of load (defined 
by C1), and any length L. 

The cross-section shape of the beam (like the 1-section 
shown in Figure lb) can be included in the performance 
index by introducing a dimensionless shape factor cp, 
defmed [6,8] by 

ti. = .i.1Ll 
"' A2 . (6) 

The value of 4l measures the bending efficiency of the 
section shape. For the solid section of Figure l(a), q, 
= 1; that for the I-section of Figure l(b) is about 5. 
Real I-sections have efficiencies, q, , as high as 40. 
The maximum value of q, is limited by manufacturing 
constraints or by local,buckling of the component, and, 
for this reason, it can be considered to be a material 
propeny. Shape factors can also be defined for design 
against yield or fracture, and for shafts and columns as 
well as beams. Using equation (6) in place of equation 
(3) to eliminate A in equation (1) gives the new 
index: 

(7) 

For a constant shape ( q, constant) the criterion reduces 
to the earlier one; the best selection is then the 
material with the largest value of M 1 (equation (5)). In 
comparing materials with different shapes, the best 
choice is that with the greatest value of M2 (equation 
(7)). • 

2.2 Material Property Charts 

Material selection using performance índices is best 
acbieved by plotting one material property (or 
mathematical combination of properties) on each axis 
of a materials selection chart [6,7]. In the example 
shown in Figure 2, the axes are Young's modulus and 
density. The logarithmic scales span a range so wide 
that essentially all engineering solids are included. 
When data for a given material class such.as metals are 
plotted on these axes, it is found that they occupy a 
field which can be enclosed in a 'balloon '. Ceramics 
also occupy a characteristic field, and so do polymers, 
elastomers, composites, and so on. The fields may 
overlap, but are nonetheless distinct. Individual 
materials or sub-classes (lik:e steels within the metals 
field, or polypropylenes, PP, within that for polymers) 
appear as little 'bubbles' which define the ranges of 
their properties. Hardcopy charts relating many 
mechanical and thermal properties are now available 
[6,7,9]; four appear in this article. Others can be 
constructed with the software described in Section 4. 

The use of tbe charts is illustrated by Figure 2. On it, 
tThe subset of materials with the greatest value of M 1 
is identified by taking logs of equation (5) (Log E = 2 
Log p + 2 Log M¡), and plotting the resulting 
selection line of slope 2 on the chart The construction 
of Figure 2 suggests that woods, fibre reinforced 
composites and sorne ceramics are the best choices for a 
light stiff beam with square cross-section. When 
~tion s~ape is included in the selection criterion, (as 
m equat10n (7)) woods become considerably less 
attractive, because they cannot be manufactured in thin 
sections with large shape factors, like metals. 

Area A F 

Fig.l (a) A square-section beam loaded in bending, (b) A beam of more complex cross section. 
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Fig.1. A modulus/density chan illusttating the selection of materials with high values of M1 = Etn.¡p. Contours of 
constant Etn.¡p appear as a family of lines of slope 2. Materials with M1 greater than a specified value can be 
identified. 

In the case studies which follow, the method is used to 
select materials to resist fracture. 

3. CASE STUDIES 

3.1 Deflection-limited Desim witb Brittle Po!ymers 

Among mechanical engineers there is a rule-of-thumb: 
avoid materials with fracture toughnesses less than 15 
MPa.m 112

• Almost all metals pass: they have values 
of K1c in the range of 20-100 MPa.m 112• White 
cast iron, and a few powder-metallurw products fail; 
they have values around 10 MPa.m1 • Engineering 
ceramics have fracture toughnesses in the range 1-8 

MPa.m 112; mechanical engineers view them with deep 
suspicion. But although engineering polymers are even 
less tou~h, with K1c values in the range 0.5-3 
MPa.m 1 

, engineers design with them all the time. 
What is going on here? 
Polymers have low values of K1c; they also have low 
moduli. In a load-limited design • a tension cable of a 
suspension bridge, say - the part will fail in a brittle 
way ü the stress exceeds 

_ CK1c 
CJ---

...}1tac 
(8) 

where ac is the length of the longest crack it contains 
and C is a constant near unity. Polymers, in this 
application, are not good. But the low moduli of 
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polymers means that the design which uses them is 
often deflection limited. As load is applied to the 
component, it deflects; before the sttess has reached the 
failure stress of equation (8), it has deflected or distorted 
toan unacceptable degree. The designer seeks to limit 
the deflection. Deflections are proportional to strains, 
E, and - ü the component is to remain elastic - strains 
are related to stresses by Hooke's law, cr = Et:. The 
deflections before fracture are thus proportional to 

e= 0 =~.($) (9) 
E ...¡1tac E 

Deflection befare fracture is maximised by selecting 
materials with high values of the performance index, 
read from equation (9): 

(lO) 

Figure 3 shows fracture toughness, K 1c, plotted 
against modulus E. It allows materials to be compared 

S. FRACTURE 
TOUGHNESS·MODULUS 

by values of fracture toughness, K 1c; by toughness, 
G 

1 
e • K 1c 2/E (important in energy-absorbing 

designs); and by values of the deflection-limited index 
M 3 = K 1c!E· As the engineer's rule of thumb 
demands, almost all metals have values of K 1c 
which lie above the 15 MPa.m 112 acceptance level. 
Polymers and cerarnics lie far below. The shaded line 
shows the index M3 = K1c!E at the value 10'3 m112

• 

lt illustrates why polymers find such wide application . 
in mechanical design: when the design is deflection
limited, polymers - particularly nylons,. 
polypropylenes and polyethylenes - are better than the 
best metals. 

The figure gives further insights. The mechanical 
engineers' lo ve of metals (and, more recen ti y, of 
composites) is inspired not merely by the beauty of 
their K1c's; they are good by all three criteria (K1c, 
K1c 2/E and K1c/E). Polymers have good values of 
K1c!E but not the other two. Ceramics are poor by 
all three criteria. Herein lie the deeper roots of the 
engineers' suspicions. 

~e'oo~------~------~~------~~----~ 
o a.. 
~ -

0.1 1 10 100 100C 

YOUNGS MODULUS, E IGPal 

Fig. 3. The selection of materials for load, deflection and energy-limited design. In deflection-limited design, 
polymers are as good as metals, despite having very low values of the fracture toughness. 
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3.2 Safe Pressure Yessels 

Pressure vessels, from the simplest aerosol-can to the 
biggest boiler, are designed, for safety, to yield or leak 
befare they break. The details of this design method 
vary. Small pressure vessels are usually designed to 
allow general yield at a pressure still too low to 
propagate any crack the vessel may contain ("yield 
befare break"); the distortion caused by yielding is easy 
to detect and the pressure can be released safely. With 
large pressure vessels this may not be possible; instead, 
safe design is achieved by ensuring that the smallest 
crack that will propagate unstably has a length greater 
than the thickness of the vessel wall ("leak. befare 
break"); the leak is easily detected, and it releases 
pressure gradually and thus safely. The two criteria lead 
to slightly different performance índices, but essentially 
the same choice of materials. What are they? 

The stress in the wall of a thin-walled spherical 
pressure vessel of radius R (Figure 4) is 

a= pR 
2t 

(11) 

In pressure vessel design, the wall thickness, t, is 
chosen so that, at the working pressure p, this stress is 
less than the yield strength, a , of the wall. A small 
pressure vessel can be examin~ ultrasonically, or by 
X-ray methods, or proof tested, to establish that it 
contains no crack or flaw of diameter greater than 2ac; 
then the stress required to make the crack propagate is, 
as befare, 

' 

Fig. 4. A pressure vessel containing a flaw. Safe 
design of small pressure vessels requires that they yield 
before they break; that of large vessels may require 
instead that they leak befare they break. 

Safety can be achieved by ensuring that the working 
stress is also less than this; but greater security is 
obtained by requiring that the crack will not propagate 
even if the stress reaches the general yield stress - for 
then the vessel will9eform stably in a way which can 
be detected. This condition is expressed by setting a 
equal to the yield stress, a

7
, giving 

xa, ~ cz[ ~:e J (12) 

The tolerable crack size is maximised b choosing a 
material with the largest value of 

(13) 

Large pressure vessels cannot alway·s be X-rayed or 
sonically tested; and proof- testing them may be 
impractical. Further, cracks can grow slowly because 
of corrosion or cyclic loading, so that a single 
examination at the beginning of service life is not 
sufficient. Then safety can be ensured by arranging that 
a crack just large enough to penetrate both the inner and 
the outer surface of the vessel is still stable, because 
the leak caused by the crack can be detected. This is 
achieved if the stress is always less than or equalto 

CK 
a-~ 

vTtt/2 

The wall thickness t of the pressure vessel was, of 
course, designed to contain the pressure p without 
yielding. From equation (11), this means that 

t ;;:: pR 
2ay 

(14) 

Substituting this into the previous equation (with a= 
a.) gives 

The maximum pressure is carried most safely by the 
material with the greatest value of 

~ 
(15) 

Both M4 and M
5 

could be made large by making the 
yield strength of the wall, cr , very small: lead, for 
instance, has high values of bÓth M's, but you would 
not choose it for a pressure vessel. That is because the 
vessel wall must also be as thin as possible, both for 
economy of material, and to keep it light. The thinnest 
wall, from equation (6.42), is that with the largest yield 
strength, cry. Thus we wish also to maximise 

(16) 
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Fig. 5. Materials for pressure vessels.. Steel, copper alloys and aluminium alloys best satisfy the "yield-before
brea.k" criterion and also have high yield strengths. They are idenúfied in the Search Area at the top of the diagram. 

Table 1. Materials for safe pressure vessels 

MATERIAL K M6 = crY (MPa) COMMENT 
M4 =~ (mlfl) 

O y 

TOUGH STEELS > 0.6 300 These are the pressure-vessel steels, 
standard in this application. 

TOUGH COPPER > 0.6 120 OFHC Hard drawn copper. 

AI.J..OYS 

TOUGH > 0.6 80 1000 and 3000 series Al-alloys 

Al-AI.J..OYS 

TI-AI.J..OYS 02 700 ) High yield but low 

IDGH STRENGTH 0.1 500 ) safety margin. 

Al-AI.J..OYS 

GFRP/CFRP . 0.1 500 ) Good for light 

) pressure vessels. 
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These selection criteria are applied by using the chan 
shown in Figure 5: the fracture toughness, ~Se• plotted 
against strength a . The three criteria appear as lines 
of slope 1, 1/2 auÍd as lines that are vertical. Take 
"yield before break" as an example. A diagonal line 
corresponding to M4 = JSc/a = C links materials 
with equal perfonnance; those ~ve the lineare better. 
The line shown in the figure at M4 = 0.6 m112 

excludes everything but the toughest steels, copper and 
aluminium alloys, though sorne polymers nearly make 
it (pressurised lemonade and beer containers are made of 
these polymers). A second selection line at M6 = 100 
MPa eliminates aluminium alloys. Details are given 
in the tabJe. 

Large pressure vessels are always made of steel. Those 
for models - a model steam engine, for instance - are 
copper or brass; they are favoured, in the small scale 
application, because of their greater resistance to 
corrosion. The reader may wish to conft.rm that the 
altemative criterion Ms of equation (15) leads to 
essentially the same selection. 

Boiler failures used to be commonplace - there are even 
songs about it. Now they are rare, though when safety 
margins are pared to a mínimum (rockets, new aircraft 
design) pressure vessels still occasionally fail. This 
(relative) success is one of the major contributions of 
fracture mechanics to engineering practice. 

3.3 Selection for Light. Stiff. Eatigue-resistant Con
BW 
A connecting rod in a high performance interna! 
combustion engine is a critica! component: if it fails, 
catastrophe follows. Yet- to minimise inertial forces 
and bearing loads - it must be as light as possible, 
implying the use of light, strong materials, stressed 
near their limits. When cost, not performance, is the 
design goal, con-rods are made out of cast iron. But 
here we want performance. What, then, are the best 
materials for con-rods? 

We seek materials for-a connecting rod of mínimum 
weight which will carry a peak load F without either 
buckling or failing by fatigue. For simplicity , assume 

. that the shaft has a rectangular section bw (Figure 6). 
Its mass is 

m= Al p (17) 

with A = bw. The buckling constraint requires that 
the peak compressive load F does not exceed the Euler 
buckling load of the rod: 

F S x2EI 
l2 (18) 

F 

Fig. 6. A connecting rod. The rod must neither 
buckle elastically, nor fail by fatigue. The objective is 
to minimise its mass, m. 

bw2 

with I = --;:;-. Writing b = a.w and eliminating 
A from equatitm (17) for the mass gives 

(19) 

(20) 

Maximising this minimises the mass of the rod while 
meeting the constraint that it must not buckle. 
Materials good by this criterion can be read from Figure 
2; they are listed in Table 2. 

The fatigue constraint requires that 

F -scr A e 
where a. the endurance limit of the material of which 
the con-rod is made. Using this to eliminate A in 
equation (17) for the mass gives a second equation for 
the mass: 

containing the material index 



ANALESDEMECAMCADELAFRACTURA Vol.ll (1994) 15 

Mg = O'e 
p (21) 

The appropriate chart is shown in Figure 7: endurance 
limita plotted against density, p. The index M8 plots 
as a straight line of slope 1, identifying high-strength 
magnesium, aluminium and titanium alloys, ultra 
high-strength steels, and, best of all, CFRP (carbon
fibre reinforced polymers). This last is a material 
which has been identified by others as attractive in this 
application: at least two designs of CFRP con-rod 
have been made and tested. The results are listed in 
Tables 2 and 3. 
The mass of the rod is the larger of these m1 and m2• 

They are equal when 

M7 = 1t (~ !..)){ (22) 
M8 12 l 2 

defining a coupling constant which relates the two 
índices. It depends on the ratio aF/l2

, specified by 
the design. Using this, it is possible to select 
materials which simultaneously optimise bo t h 
constraints [6]; the optimum selection for large F!l 2 

differs from that for small F!l 2
• 

4. IMPLEMENT ATION IN SOFTWARE 

The 'Cambridge Materials Selector' (CMS) is a 
computer package consisting of a data base of material 
properties, a management system which recovers and 
manipulates the data, and a graphical user interface 

which presents the property data as material selection 
charts. The approach employs a number of novel 
features [10]. 

4.1 The Selection Process 
To select a material, the user performs a series of 
selection stages. On each stage, a pair of material 
properties (or user-defined functions of material 
properties, lik.e E 1!2¡p) is specified. The program 
generates a graph with these properties as the axes. All 
materials contained in the database with applicable data 
entries are plotted on the graph. The area of the graph 
which satisfies the selection criterion is specified by the 
user, and the materials which lie in that area are 
considered to have 'passed' the selection stage. Up to 
six sequential selection stages can be performed. 

The program stores the results of each selection stage 
and these can be examined at any time. It is possible 
to modify any selection stage so that performance 
criteria can be tightened or relaxed until suitable 
materials are found. The final short list contains the 
materials which pass all stages. A summary of the 
CMS session can be stored in a disk flle and read into 
the package later. This enables users to 
continue/modify a selection where they left-off and to 
re-evaluate the selection criteria in the light of other 
design information. It also documents the selection 
process. 

A number of data manipulation routines are available 
during each selection stage. These include zooming-in 
on an area of the graph, listing the properties of 
particular materials and displaying the materials which 
passed all the previous stages. Facilities are available 
for plotting hard copies of graphs and listing text 
information. 

Table 2. Materials with high velues of índices M7 and M8 

MATERIALS with good M7 MA TERIALS with good M8 

Magnesium alloys Magnesium alloys 

Aluminium alloys Aluminium alloys 

CFRP and GFRP CFRP and GFRP 

(Titanium alloys) Titanium alloys 

Ceramics (Ceramics in comoression onlv) 

Table 3 Common members of the materials of Table 2 

MATERIALS COMMENT 

Magnesium alloys A practical choice 

Aluminium alloys Cheaper than Mg; standard choice 

CFRP and GFRP Requires novel oroduction methods 
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ata load ratio R = -1, plotted against density p. The guide-lines help in selecting 

materials for light, fatigue-resistant structures. 

4.2 Materials. Prq)ert.ies and Data 

Three different typeS of data are stored in the database: 
(i) Numerical data, (eg density); (ii) Discrete data (eg 
material identifier); and (iii) Text data (eg 'typical 
uses'). Both the numerical and discrete data types can 
be plotted, giving three types of materials selection 
chans: (i) Charts with two numerical axes like the 
hand drawn chart of figure '2; (ii) Charts with one 
numerical and one discrete axis are 'bar chans': and 
(iii) Charts with two discrete propenies are 'tables' 
with each material fitting into one or more cells in the 
table. The primary, 'generic' CMS database contains 
Metals, Polymers, Ceramics, Composites and Natural 
materials. It contains a wide range of mechanical, 
thermal and electrical properties, as weU as information 
on environmental perfonnance, processing, available 
fonns, typical uses, suppliers, and sources of further 
infonnation. The package employs an automatic data 
checking procedure, which also ensures that the 
database is complete [10]. Future versions of the 
program will handle additional detailed databases of 
materials: in particular classes, and for specialised 

industrial sectors. Several of these databases are in an 
advanced stage of development at the time of wriling. 

S. CONCLUSIONS 

Materials are evolving faster than ever before. New and 
improved materials create opportunities for innovation. 
The opportunities can be missed unless a rational 
procedure for material selection is followed. The 
difficult step ís that choosing, from the vast range of 
materials available to the engineer, an initial subset on 
whích desígn calculations can be based. One approach 
to the problem is described here. Data for the 
mechanical and thermal properties of all materials are 
presented as a set of materials selection charts. The 
axes are chosen to display the common performance
limiting properties: modulus, strength, endurance limit, 
toughness, threshold stress intensity for fatigue, and so 
on. The logarithmic scales allow perfonnance-limiting 
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combinations of properties like Kfc 1 ay or 
a e 1 p to be examined and compared. 

The examples given in the text show how the charts 
give a broad overview of material performance in a 
given application, and allow a subset of materials, 
often drawn from more than one class of solid, to be 
identified. The uses are much wider than those shown 
here; charts exist which help with problems of 
dynamics, heat transfer, thermal stress, wear and cost 
They help, too, in finding niches for new materials: 
plotted on the charts, the applications in which a new 
material offers superior performance become apparent 

The charts shown here were drawn by hand. But it is 
an attractive goal to store the data from which they are 
made in a data base coupled to an appropriate graphical 
display to allow charts with any combination of axes to 
be constructed, and to enable selection of materials with 
attractive values of given perfomance índices. All this 
is now possible. The CMS system contains data for 
cost, mechanical, thermal and electrical properties, 
shape factors, environmental resistance, forming and 
joining characteristics, available forms, coating and 
protection as well as descriptive information. It 
includes data for most classes of engineering materials: 
metals, polymers, ceramics, composites and natural 
materials and allows optimised selection of materials 
for thermo-mechanical design. 
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