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Outline

• Engineering Materials
• Material Properties

– Mechanical Properties
– Thermal Properties
– Electrical Properties
– Optical Properties
– Eco-Properties
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Evolution of Materials
The evolution of materials

The world of materials
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Classes of Engineering Materials

Hybrids

Metals

Polymers

ElastomersGlasses

Ceramics
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Materials
• Metals: Stiff materials with relatively high elastic moduli and 

exhibit ductility. Can be made strong by alloying, mechanical 
and heat treatments

• Ceramics and glasses: Materials with high moduli, but, brittle. 
– Tensile strength means the brittle fracture strength;
– Compresssive strength is the brittle crushing strength (15x fracture 

strength). 
– Low tolerance for stress concentrations (like holes or cracks) or for 

high contact stresses (at clamping points, for instance)
– Finds application in bearings and cutting tools
– Large scatter in the properties
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Materials
• Polymers and elastomers: Materials with low 

moduli 
– High strength can be as strong as metals 
– Elastic deflections can be large due to low moduli
– They exhibit creep (time dependent deformation 

under constant load) even at room temperature
– Very high strength-to-weight ratio
– Can be made into complex shapes
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Materials:Composites
A composite material consists of two phases:
• Primary

– Forms the matrix within which the secondary phase is imbedded
– Any of three basic material types: polymers, metals, or ceramics

• Secondary
– Referred to as the imbedded phase or called the reinforcing agent
– Serves to strengthen the composite  (fibers, particles, etc.)
– Can be one of the three basic materials or an element such as carbon 

or boron



ME 423: Machine Design
Instructor: Ramesh Singh

Types of composite materials
There are five basic types of composite 
materials: Fiber, particle, flake, laminar or 
layered and filled composites.
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Classification of composite material
• Metal Matrix Composites (MMCs)

– Mixtures of ceramics and metals, such as cemented carbides and other 
cermets

– Aluminum or magnesium reinforced by strong, high stiffness fibers
• Ceramic Matrix Composites (CMCs)

– Least common composite matrix 
– Aluminum oxide and silicon carbide are materials that can be imbedded 

with fibers for improved properties, especially in high temperature 
applications

• Polymer Matrix Composites (PMCs)
– Thermosetting resins are the most widely used polymers in PMCs. 
– Epoxy and polyester are commonly mixed with fiber reinforcement
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Classification of composite material

• Matrix material serves several functions in the 
composite 
– Provides the bulk form of the part or product
– Holds the imbedded phase in place
– Shares the load with the secondary phase
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The reinforcing phase
• The imbedded phase is most commonly one of the following 

shapes:
– Fibers, particles, flakes

• Orientation of fibers: 
– One-dimensional: maximum strength and stiffness are obtained in the 

direction of the fiber
– Planar: in the form of two-dimensional woven fabric
– Random or three-dimensional: the composite material tends to 

posses isotropic properties 
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The reinforcing phase

Types of phases
• Currently, the most common fibers used in composites are 

glass, graphite (carbon), boron and Kevlar 49. 
– Glass – most widely used fiber in polymer compositescalled glass 

fiber-reinforced plastic (GFRP)
• E-glass – strong and low cost, but modulus is less than other 

(500,000 psi)
• S-glass – highest tensile strength of all fiber materials (650,000 

psi).  UTS~ 5 X steel ; r ~ 1/3 x steel
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The reinforcing phase
• Carbon/Graphite –Graphite has a tensile strength three to five times 

stronger than steel and has a density that is one-fourth that of steel. 

• Boron – Very high elastic modulus, but its high cost limits its application to 
aerospace components

• Ceramics – Silicon carbide (SiC) and aluminum oxide (Al2O3) are the main 
fiber materials among ceramics. Both have high elastic moduli and can be 
used to strengthen low-density, low- modulus metals such as aluminum 
and magnesium

• Metal – Steel filaments, used as reinforcing fiber in plastics
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POLYMER MATRIX COMPOSITES
Attractive features of FRP:

– high strength-to-weight ratio
– high modulus-to-weight ratio
– low specific gravity
– good fatigue strength
– good corrosion resistance, although polymers are 

soluble in various chemicals
– low thermal expansion, leading to good 

dimensional stability
– significant anisotropy in properties
– These features make them attractive in aircraft, cars, trucks, boats, 

and sports equipment 
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Lamborghini 
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Mechanical Properties
• General 

– Weight 
– Expense

• Mechanical
– Stiffness: E (Gpa)
– Strength:        yield strength
– Tensile strength: !"
– Fracture toughness: #$%

• Thermal
– Expansion coefficient
– Thermal conductivity

• Electrical
– Conductivity

• Wear corrosion and Oxidation
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Basic material properties

General

Weight: Density  ρ, Mg/m3

Expense: Cost/kg Cm,  $/kg

Mechanical

Stiffness: Young’s modulus  E,  GPa

Strength: Elastic limit σy , MPa

Fracture strength: Tensile strength σts , MPa

Brittleness: Fracture toughness Kic , MPa.m1/2

Thermal

Expansion: Expansion coeff.  α, 1/K

Conduction: Thermal conductivity λ, W/m.K
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Mechanical properties illustrated
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Not stiff enough (need bigger E)

Not strong enough (need bigger σσσσy )

Not tough enough (need bigger Kic)

Too heavy (need lower ρρρρ) 

All OK !
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Fracture Toughness
• Fracture toughness (!"# $) measure of the crack 

resistance of the material 

• %&' = )*+ ,-

• The fracture toughness is determined by loading a 
sample with a known crack of length 2c

• Fracture toughness are typically well defined for 
brittle materials

18
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we have defined as af by 
H 2 3 ( ~ f  (3.7) 

Hardness is often measured in other units, the commonest of which is the Vickers H ,  scale with 
units of kg/mm2. It is related to H in the units used here by 

H = IOH, 

The zoughness, G, (units: kJ/m2), and the fracture toughness, K ,  (units: MPam’/2 or MN/m’/’) 
measure the resistance of the material to the propagation of a crack. The fracture toughness is 
measured by loading a sample containing a deliberately introduced crack of length 2c (Figure 3.6), 
recording the tensile stress (T, at which the crack propagates. The quantity K ,  is then calculated 
from 

(3.8) 
0, K ,  = Y- f i  

K :  
and the toughness from 

(3.9) Gc = E(l + v )  

where Y is a geometric factor, near unity, which depends on details of the sample geometry, E 
is Young’s modulus and v is Poisson’s ratio. Measured in this way K ,  and G, have well-defined 
values for brittle materials (ceramics, glasses, and many polymers). In ductile materials a plastic 
zone develops at the crack tip, introducing new features into the way in which cracks propagate 
which necessitate more involved characterization. Values for K ,  and G, are, nonetheless, cited, and 
are useful as a way of ranking materials. 

The loss-coeflcient, q (a dimensionless quantity), measures the degree to which a material dissi- 
pates vibrational energy (Figure 3.7). If a material is loaded elastically to a stress (T, it stores an 
elastic energy 

.=.i 2 E  
“max 102 

(TdE = -- 

per unit volume. If it is loaded and then unloaded, it dissipates an energy 

A U =  odE / 

Fig. 3.6 The fracture toughness, Kc, measures the resistance to the propagation of a crack. The failure 
strength of a brittle solid containing a crack of length 2c is of = Y K C G  where Y is a constant near unity. 
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Illustration of Mechanical Properties

• All right(Stiff, strong, tough, light)

• Not stiff enough (needs higher E)

• Not strong enough (needs higher !")

• Not tough enough (needs higher #$%)

• Too heavy needs (needs lower density)
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Materials 
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Materials information for design

Test Test data

Data 
capture

Statistical
analysis

Design data

Mechanical Properties

Bulk  Modulus 4.1 - 4.6 GPa
Compressive Strength 55 - 60 MPa
Ducti lity 0.06 - 0.07
E las tic Limit 40 - 45 MPa
Endurance Limit 24 - 27 MPa
Fracture Toughness 2.3 - 2.6 MPa.m1/2

Hardness 100 - 140 MPa
Loss  Coefficient 0.009- 0.026
Modulus of Rupture 50 - 55 MPa
Poisson's Ratio 0.38 - 0.42
Shear Modulus 0.85 - 0.95 GPa
Tensi le S trength 45 - 48 MPa
Young's Modulus 2.5 - 2.8 GPa

Real 
applications

$

Economic analysis
and business case

Selection of
material and process

Potential 
applications

Characterisation Selection and implementation

The goals of design:

“To create products that perform their function economically, safely, at acceptable cost”

What do we need to know about materials in order to do this?

Supply
chain

Codes Help 
lines

Non-specific documentation

Consultants

Design guide-line

FE 
modules

Failure analysis

Applications

Descriptive info.

Case studies
Specific documentation

Experience with the material
Standards

The nature of material (or process) data

Boolean
eg can be blow-moulded? 

Yes/No

Rankings
eg corrosion resistance
in sea water?  A,B,C,D,E

Numeric
modulus,
density….

Unstructured data --
reports, papers, the 
Worldwide Web etc

Structured data --
Handbooks,

data sheets etc

Characterization Selection and Implementation
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Material Property Chart
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Fig. 4.1 A bar-chart showing thermal conductivity for three classes of solid. Each bar shows the range 
of conductivity offered by a material, some of which are labelled. 

one class can be enclosed in a property envelope, as the figure shows. The envelope encloses all 
members of the class. 

All this is simple enough -just a helpful way of plotting data. But by choosing the axes and 
scales appropriately, more can be added. The speed of sound in a solid depends on the modulus, 
E ,  and the density, p; the longitudinal wave speed 71, for instance, is 

112 
c =  (%) 

or (taking logs) 
logE = l o g p + 2 l o g v  

For a fixed value of u, this equation plots as a straight line of slope 1 on Figure 4.2. This allows 
us to add contours ofconstunt wave veloci9 to the chart: they are the family of parallel diagonal 
lines, linking materials in which longitudinal waves travel with the same speed. All the charts 
allow additional fundamental relationships of this sort to be displayed. And there is more: design- 
optimizing parameters called material indices also plot as contours on to the charts. But that comes 
in Chapter 5.  

Among the mechanical and thermal properties, there are 18 which are of primary importance, 
both in characterizing the material, and in engineering design. They were listed in Table 3.1: they 
include density, modulus, strength, toughness, thermal conductivity, diffusivity and expansion. The 
charts display data for these properties, for the nine classes of materials listed in Table 4.1. The 

Finding data

! Library searches

! Data Sources compilations such as Chapter 13 of “Materials Selection”

! Locate candidate on CES MATERIALS  tree 

or PROCESSES  tree and double click

! Use the SEARCH facility to find all records contain candidate name, or 
trade-name, or application

! Proprietary searchable software: ASM handbooks, B&H Handbooks ……..

! The Worldwide Web, using WEBLINKS to find web sites containing data 
(e.g. www.matweb.com)

Relationships: property bar-charts
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Property charts: Stiffness/weight

• Straight lines are the elastic wave speeds !
"
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Fig. 4.2 The idea of a Materials Property Chart: Young’s modulus, E, is plotted against the density, p,  
on log scales. Each class of material occupies a characteristic part of the chart. The log scales allow the 
longitudinal elastic wave velocity v = (€/p)’’’ to be plotted as a set of parallel contours. 

class-list is expanded from the original six of Figure 3.1 by distinguishing engineering composites 
fromfoams and from woods though all, in the most general sense, are composites; by distinguishing 
the high-strength engineering ceramics (like silicon carbide) from the low-strength porous ceramics 
(like brick); and by distinguishing elastomers (like rubber) from rigid polymers (like nylon). Within 
each class, data are plotted for a representative set of materials, chosen both to span the full range 
of behaviour for the class, and to include the most common and most widely used members of it. 
In this way the envelope for a class encloses data not only for the materials listed in Table 4.1, but 
for virtually all other members of the class as well. 

The charts which follow show a range of values for each property of each material. Sometimes 
the range is narrow: the modulus of copper, for instance, varies by only a few per cent about 
its mean value, influenced by purity, texture and such like. Sometimes it is wide: the strength of 
alumina-ceramic can vary by a factor of 100 or more, influenced by porosity, grain size and so 
on. Heat treatment and mechanical working have a profound effect on yield strength and toughness 
of metals. Crystallinity and degree of cross-linking greatly influence the modulus of polymers, and 
so on. These structure-sensitive properties appear as elongated bubbles within the envelopes on 
the charts. A bubble encloses a typical range for the value of the property for a single material. 
Envelopes (heavier lines) enclose the bubbles for a class. 
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Modulus to Density
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Fig. 4.3 Chart 1: Young's modulus, E ,  plotted against density, p. The heavy envelopes enclose data 
for a given class of material. The diagonal contours show the longitudinal wave velocity. The guide 
lines of constant E/p ,  E1 /2 /p  and E1I3 /p  allow selection of materials for minimum weight, deflec- 
tion-limited, design. 

springs (S = 200 N/m). Metals have high moduli because close-packing gives a high bond density 
and the bonds are strong, though not as strong as those of diamond. Polymers contain both strong 
diamond-like covalent bonds and weak hydrogen or Van der Waals bonds (S = 0.5-2N/m); it is 
the weak bonds which stretch when the polymer is deformed, giving low moduli. 

But even large atoms (TO = 3 x lo-'' m) bonded with weak bonds (S = 0.5 N/m) have a modulus 
of roughly 

0.5 
3 x 10-10 E =  % 1 GPa (4.2) 
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Strength to Density
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Fig. 4.4 Chart 2: Strength, of, plotted against density, p (yield strength for metals and polymers, 
compressive strength for ceramics, tear strength for elastomers and tensile strength for composites). 
The guide lines of constant o f / p ,  ~ : / ~ / p  and o; ’ * /p  are used in minimum weight, yield-limited, design. 

The range of strength for engineering materials, like that of the modulus, spans about five decades: 
from less than 0.1 MPa (foams, used in packaging and energy-absorbing systems) to lo4 MPa (the 
strength of diamond, exploited in the diamond-anvil press). The single most important concept in 
understanding this wide range is that of the lattice resistance or Peierls stress: the intrinsic resistance 
of the structure to plastic shear. Plastic shear in a crystal involves the motion of dislocations. Metals 
are soft because the non-localized metallic bond does little to prevent dislocation motion, whereas 
ceramics are hard because their more localized covalent and ionic bonds (which must be broken and 
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Fracture Toughness to Density
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Fig. 4.5 Chart 3: Fracture toughness, K,,, plotted against density, p.  The guide lines of constant K,,, 
Kt’’/p and K:,/’/p, etc., help in minimum weight, fracture-limited design. 

strong, and in tension they are far weaker (by a further factor of 10 to 15). Composites and woods 
lie on the 0.01 contour, as good as the best metals. Elastomers, because of their exceptionally low 
moduli, have values of ut / E  larger than any other class of material: 0.1 to 10. 

The distance over which inter-atomic forces act is small - a bond is broken if it is stretched to 
more than about 10% of its original length. So the force needed to break a bond is roughly 

(4.3) 
Sr0 
10 

F = -  
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Modulus to Strength
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Fig. 4.6 Chart 4: Young’s modulus, E, plotted against strength uf. The design guide lines help with the 
selection of materials for springs, pivots, knife-edges, diaphragms and hinges; their use is described in 
Chapters 5 and 6. 

where S, as before, is the bond stiffness. If shear breaks bonds, the strength of a solid should be 
roughly 

F S E  cf%-=- - - 
ri lor0 10 

1 

- 

or 

9%- (4.4) E 10 
The chart shows that, for some polymers, the failure strain is as large as this. For most solids it is 
less, for two reasons. 
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Specific Modulus to Specific Strength
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Fig. 4.7 Chart 5: Specific modulus, Elp ,  plotted against specific strength af lp .  The design guide lines 
help with the selection of materials for lightweight springs and energy-storage systems. 

We identify the right-hand side of this equation with a lower-limiting value of Klc, when, taking ro 
as 2 x 10-lOm, 

1/2 
(4.8) 

This criterion is plotted on the chart as a shaded, diagonal band near the lower right corner. It defines 
a lower limit on values of KI, :  it cannot be less than this unless some other source of energy such 
as a chemical reaction, or the release of elastic energy stored in the special dislocation structures 
caused by fatigue loading, is available, when it is given a new symbol such as ( K I , ) ~ ~ ~ .  meaning 
' K I ,  for stress-corrosion cracking'. We note that the most brittle ceramics lie close to the threshold: 
when they fracture, the energy absorbed is only slightly more than the surface energy. When metals 

(KI ,  )mi" 

~ = ($) E x 3 x 10-6m1/2 
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Fracture Toughness to Modulus
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Fig. 4.8 Chart 6: Fracture toughness, KIc, plotted against Young’s modulus, E. The family of lines are 
of constant K i / E  (approximately G,,, the fracture energy). These, and the guide line of constant K,,/E, 
help in design against fracture. The shaded band shows the ‘necessary condition’ for fracture. Fracture 
can, in fact, occur below this limit under conditions of corrosion, or cyclic loading. 

and polymers and composites fracture, the energy absorbed is vastly greater, usually because of 
plasticity associated with crack propagation. We come to this in a moment, with the next chart. 

Plotted on Figure 4.8 are contours of toughness, GI,,  a measure of the apparent fracture surface 
energy (GI, % K I , / E ) .  The true surface energies, y ,  of solids lie in the range lop4 to lop3 kJ/m2. 
The diagram shows that the values of the toughness start at lop3 kJ/m2 and range through almost 
six decades to lo3 kJ/m2. On this scale, ceramics (10-3-10-’ kJ/m2) are much lower than polymers 
(10p1-10kJ/m2); and this is part of the reason polymers are more widely used in engineering than 
ceramics. This point is developed further in Section 6.14. 
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Fracture Toughness to Strength
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Fig. 4.9 Chart 7: Fracture toughness, K,,, plotted against strength, of. The contours show the value of 
K,$/ rq - roughly, the diameter of the process zone at a crack tip. The design guide lines are used in 
selecting materials for damage-tolerant design. 

q on E for polymers in Figure 4.10; indeed, to a first approximation, 

4 x 10--2 
(4.10) 

E y I =  

with E in GPa. 

The thermal conductivity-thermal diff usivity chart (Chart 9, 
Figure 4.1 1) 
The material property governing the flow of heat through a material at steady-state is the thermal 
conductivity, h (units: J/mK); that governing transient heat flow is the thermul diffusivity, u 
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Thermal conductivity to diffusivity
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Fig. 4.11 Chart 9: Thermal conductivity, h, plotted against thermal diffusivity, a. The contours show 
the volume specific heat, pCp. All three properties vary with temperature; the data here are for room 
temperature. 

For solids, C, and C,. differ very little; at the level of approximation of interest here we can assume 
them to be equal. As a general rule, then, 

h = 3 x 1 0 6 a  (4.13) 
(h  in J/mK and a in m2/s). Some materials deviate from this rule: they have lower-than-average 
volumetric specific heat. For a few, like diamond, it is low because their Debye temperatures lie 

of two of I .4 x lO-29 m3; thus the volume of N atoms is (NR) m3. The volume specific heat is then (as the Chart shows): 

3k 
L? pC,, 2 3 N k I N R  = - = 3 x lo6 J/m3K 
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Expansion to conductivity
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Fig. 4.12 Chart 10: The linear expansion coefficient, a,  plotted against the thermal conductivity, A. The 
contours show the thermal distortion parameter Ala. 

The expansion coefficient is plotted against the conductivity in Chart 10 (Figure 4.12). It shows 
that polymers have large values of a, roughly 10 times greater than those of metals and almost 
100 times greater than ceramics. This is because the Van-der-Waals bonds of the polymer are 
very anharmonic. Diamond, silicon, and silica (SiO2) have covalent bonds which have low anhar- 
monicity (that is, they are almost linear-elastic even at large strains), giving them low expansion 
coefficients. Composites, even though they have polymer matrices, can have low values of a because 
the reinforcing fibres - particularly carbon - expand very little. 

The charts shows contours of h/a,  a quantity important in designing against thermal distortion. 
A design application which uses this is developed in Section 6.20. 
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Expansion to Modulus
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The thermal expansion-modulus chart (Chart 11, Figure 4.13) 
Thermal stress is the stress which appears in a body when it is heated or cooled, but prevented 
from expanding or contracting. It depends on the expansion coefficient of the material, a,  and on its 
modulus, E .  A development of the theory of thermal expansion (see, for example, Cottrell (1964)) 
leads to the relation 

(4.17) 

where YG is Gruneisen’s constant; its value ranges between about 0.4 and 4, but for most solids it 
is near 1 .  Since pC,  is almost constant (equation (4.12)), the equation tells us that (Y is proportional 

Y G K ,  a = -  
3E 

Fig. 4.13 Chart 11 :The linear expansion coefficient, a, plotted against Young’s modulus, E. The contours 
show the thermal stress created by a temperature change of 1°C if the sample is axially constrained. A 
correction factor C is applied for biaxial or triaxial constraint (see text). 
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Normalized Strength to Expansion
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Fig. 4.14 Chart 12: The normalized tensile strength, at/€ ,  plotted against linear coefficient of 
expansion, a. The contours show a measure of the thermal shock resistance, AT. Corrections 
must be applied for constraint, and to allow for the effect of thermal conduction during quen- 
ching. 

To use the chart, we note that a temperature change of A T ,  applied to a constrained body - or 
a sudden change AT of the surface temperature of a body which is unconstrained - induces 
a stress 

@ = -  (4.21) 

where C was defined in the last section. If this stress exceeds the local tensile strength a, of the 
material, yielding or cracking results. Even if it does not cause the component to fail, it weakens it. 

E a  AT 
C 
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Strength at High Temperature
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Fig. 4.15 Chart 13: Strength plotted against temperature. The inset explains the shape of the lozenges. 

above 200°C; most metals become very soft by 800°C; and only ceramics offer strength above 
1500°C. 

The modulus-relative cost chart (Chart 14, Figure 4.16) 
Properties like modulus, strength or conductivity do not change with time. Cost is bothersome 
because it does. Supply, scarcity, speculation and inflation contribute to the considerable fluctuations 
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Relative Cost
Materials selection charts 57 

Fig. 4.16 Chart 14: Young’s modulus, E ,  plotted against relative cost per unit volume, Cpp. The design 
guide lines help selection to maximize stiffness per unit cost. 

in the cost-per-kilogram of a commodity like copper or silver. Data for cost-per-kg are tabulated for 
some materials in daily papers and trade journals; those for others are harder to come by. To make 
some correction for the influence of inflation and the units of currency in which cost is measured, 
we define a relative cost CR: 

cost-per-kg of the material 
cost-per-kg of mild steel rod 

CR = 

At the time of writing, steel reinforcing rod costs about &0.2/kg (US$ 0.3kg) .  

35
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Chart 14 (Figure 4.16) shows the modulus E plotted against relative cost per unit volume C R p ,  
where p is the density. Cheap stiff materials lie towards the bottom right. 

The strength-relative cost chart (Chart 15, Figure 4.17) 
Cheap strong materials are selected using Chart 15 (Figure 4.17). It shows strength, defined as 
before, plotted against relative cost, defined above. The qualifications on the definition of strength, 
given earlier, apply here also. 

It must be emphasized that the data plotted here and on Chart 14 are less reliable than those of 
previous charts, and subject to unpredictable change. Despite this dire warning, the two charts are 

Fig. 4.17 Chart 15: Strength, af, plotted against relative cost per unit volume, Cpp. The design guide 
lines help selection to maximize strength per unit cost. 
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Design for Impact
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Fig. 4.10 Chart 8: The loss coefficient, g,  plotted against Young’s modulus, E. The guide line corresponds 
to the condition q = C/E .  

(units: m2/s). They are related by 
h 

a=--  (4.1 1) 

where p in kg/m3 is the density and C, the specific heat in J k g  IS; the quantity pC, is the volumetric 
speciJic heat. Figure 4.1 1 relates thermal conductivity, diffusivity and volumetric specific heat, at 
room temperature. 

PCiJ 

The data span almost five decades in h and a. Solid materials are strung out along the line* 

pC, % 3 x lo6 J/m3K (4.12) 

*This can be understood by noting that a solid containing N atoms has 3N vibrational modes. Each (in the classical 
approximation) absorbs thermal energy kT at the absolute temperature T ,  and the vibrational specific heat is C, = C,. = 3 N k  
(J/K) where k is Boltzmann’s constant (1.34 x lO-23 J/K). The volume per atom, Q, for almost all solids lies within a factor 
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Wear Rate
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Fig. 4.18 (continued) 

When two surfaces are placed in contact under a normal load F ,  and one is made to slide over 
the other, a force F ,  opposes the motion. This force is proportional to F ,  but does not depend 
on the area of the surface - and this is the single most significant result of studies of friction, 
since it implies that surfaces do not contact completely, but only touch over small patches, the area 
of which is independent of the apparent, nominal area of contact A , .  The coeficient friction p is 
defined by 

(4.25) p = -  

Values for p for dry sliding between surfaces are shown in Figure 4.18(a) Typically, p x 0.5. 
Certain materials show much higher values, either because they seize when rubbed together (a soft 
metal rubbed on itself with no lubrication, for instance) or because one surface has a sufficiently 

F.3 
Fn 
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Material Selection
• Identifying the desired attribute for objectives and constraints 

(Translation)
• Comparing with real engineering materials for the best match (Screening 

and Ranking)

38

Translation
• Objectives
• Constraints
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Mapping Design Requirements to Materials
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The design process and data needs

D
e
si

g
n
 p

h
a
se

L
ife

 p
h
a
se

Concept

Embodiment

Detail

Production

Use

Disposal

Tools for

life-cycle 
analysis

Tools for Design
(Material needs)

Data for all materials 

and processes, low precision

Data for fewer materials 

or processes, higher precision

Data for one material 

or process, highest precision

Redesign

Need

Design requirements          material specification

From which we obtain …

• Screening criteria expressed as numerical limits on 
material property-values

Or expressed as requirements for processing, 
corrosion, ….

• Ranking criteria based on material indices that 
characterise performance

Design concept

Analyse: Function      What does the component do ?

Objective(s) What is to be maximised or minimised ?

Constraints  What essential conditions must be met ?

Free variables Which design variables are free ?

“Translation”
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Screening by Attributes and Links
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Screening by attributes and links

“Eliminate materials that can’t do the job”

Screen on attributes

Requirements: must

• operate at 100oC

• be electrical insulator

• conduct heat well

Retain materials with:

• max operating temp > 100C

• resistivity R  > 1020 µΩ.cm

• T-conduct.  λ > 100 W/m.K

Example: heat exchanger tubes

Screen on links Example: cheap metal window frame

Requirements: must

• be extrudable

Retain materials with:

• links to “extrusion”

Screen on both attributes and links

Screening using attribute limits 

Ceramics        Metals             Polymers     Composites

P
ro

p
e
rt

y 
va

lu
e

Steel

Copper

Lead

Polyethylene

PP

PTFE

Diamond

Silica

Cement

CFRP

GFRP

Fibreboard

Search region
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Screening on Attributes
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Screening using attribute limits

Material Class
Materials:\Ceramic Materials:\Metal Materials:\Polymer Materials:\Composite

E
la

s
ti
c
 L

im
it
 (

M
P

a
)

1.

10.

100.

1000.

Ceramics Metals Polymers Composites

Diamond

Aerated Concrete

Silica

Silicon Nitride

Tungsten, Commercial Purity

Lead

 Copper

Acetal

Butadiene

PolyUrethane

CFRP
ee

MDF

Fibreboard

Search region

Ranking by performance

P
e

rf
o

rm
a

n
c

e
 m

e
tr

ic

Value range of metric
for selected materials

Most highly ranked materials

Objective -- a metric of performance, to be maximised or minimised.

Examples:  Mass, volume, eco-impact, cost …….per unit of function     

Convention: express in form “to be minimised”.

Performance metrics:
Minimise --

• Cost per unit strength 

• Mass per unit bending stiffness

• Volume per unit energy absorbed

• Many more ………………

y

mC
P

σ
∝

2/1E
P

ρ
∝

Dy

1
P

εσ
∝
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Ranking by Performance
• Objective: Metric of performance which can be maximized or 

minimized, such as mass, volume, cost per unit attribute

42

Screening using attribute limits

Material Class
Materials:\Ceramic Materials:\Metal Materials:\Polymer Materials:\Composite
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Ranking by performance
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Value range of metric
for selected materials

Most highly ranked materials

Objective -- a metric of performance, to be maximised or minimised.

Examples:  Mass, volume, eco-impact, cost …….per unit of function     

Convention: express in form “to be minimised”.

Performance metrics:
Minimise --

• Cost per unit strength 

• Mass per unit bending stiffness

• Volume per unit energy absorbed

• Many more ………………

y

mC
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1
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Screening using attribute limits
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Objective -- a metric of performance, to be maximised or minimised.

Examples:  Mass, volume, eco-impact, cost …….per unit of function     

Convention: express in form “to be minimised”.

Performance metrics:
Minimise --

• Cost per unit strength 

• Mass per unit bending stiffness

• Volume per unit energy absorbed

• Many more ………………

y

mC
P

σ
∝

2/1E
P

ρ
∝

Dy

1
P

εσ
∝



ME 423: Machine Design
Instructor: Ramesh Singh

Material Indices: Tie Rod
• Minimizing mass for a light strong tie rod 

• Objective
Minimize	 . = 012 where L is length, A is cross-sectional area and 2 is 
density

• Constraint: 3
∗

5 ≤ 78 where F* is the force and 78 is the failure strength 

. ≥ :∗ 1 ;
<=

Minimize this material index or <=; specific strength can be maximized

For stiffest tie choose high >;

43

Material indices

Strong tie of length L and minimum mass

L

FF

Area A

Function 

Objective  

Tie-rod

Free variable

Constraints  

Minimise mass m

Length L is specified
Must not fail under load F

Cross-section area A is free

Equation for objective:          m  =  A L ρρρρ (1) 

Equation for constraint:         F/A  <  σσσσy                     (2)

Eliminate A in (1) using (2):

Minimise the material index








σ

ρ
=

y

FLm












σ

ρ

y

Materials indices

Minimum cost

Minimum
weight

Maximum energy 
storage

Minimum 
environ. impact

FUNCTION

OBJECTIVE

CONSTRAINTS

INDEX 

Tie

Beam

Shaft

Column

Mechanical,
Thermal,

Electrical...

Stiffness
specified

Strength
specified

Fatigue limit

Geometry
specified












=

yσ
ρ

M

Minimise 
this!

Each combination of
Function
Objective
Constraint
Free variable

Has a 
characterising 
material index

Functional Constraint Geometric Constraint

Material Properties
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Light Stiff Panel
• Function: Panel

• Objective: Minimize m of the panel

• Constraints: Bending Stiffness, S* (functional constraint)

Length L and width b specified (geometric constraint)

• Free Variables: Panel thickness h and material

! = #$% = &ℎ$%
The bending stiffness S can be given by, ( = )*+,

-. ≥ (∗ 123 4 = 56.
78

! = ℎ&$% = 78-.9∗
)*+5

*
. &$% = 789∗

)*5

*
. &$8 :

+
*
.

;< = +
*
.
: (For stiffness); ;< = =>

*
?

: (For strength)

44

Material Properties
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Light Stiff Beam
• Function: Beam

• Objective: Minimize m of the panel

• Constraints: Bending Stiffness, S* (functional constraint)

square cross-section (geometric constraint)

• Free Variables: Area A and material

! = #$% = &'$%
The bending stiffness S can be given by, ( = )*+,

-. ≥ (∗ 123 4 = 56
7' =

8*
7'

! = #$% = 7'-.9∗
):+

:
* $% = 7'-.9∗

)*

:
* $ ;

+
:
*

<= = +
:
*
; (For stiffness); <= = >?

*
.

; (For strength)

45

Material Properties
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Ashby’s Methodology 

46

Material indices

Strong tie of length L and minimum mass

L

FF

Area A

Function 

Objective  

Tie-rod

Free variable

Constraints  

Minimise mass m

Length L is specified
Must not fail under load F

Cross-section area A is free

Equation for objective:          m  =  A L ρρρρ (1) 

Equation for constraint:         F/A  <  σσσσy                     (2)

Eliminate A in (1) using (2):

Minimise the material index








σ

ρ
=

y

FLm












σ

ρ

y

Materials indices

Minimum cost

Minimum
weight

Maximum energy 
storage

Minimum 
environ. impact

FUNCTION

OBJECTIVE

CONSTRAINTS

INDEX 

Tie

Beam

Shaft

Column

Mechanical,
Thermal,

Electrical...

Stiffness
specified

Strength
specified

Fatigue limit

Geometry
specified












=

yσ
ρ

M

Minimise 
this!

Each combination of
Function
Objective
Constraint
Free variable

Has a 
characterising 
material index
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Material Indices
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Function Stiffness     Strength

Tension (tie)

Bending (beam)

Bending (panel)

Material indices: the key to optimised choice

Cost, Cm

Density, ρ

Modulus,  E

Strength, σy

Endurance limit, σe

Thermal conductivity, λ

T- expansion coefficient, α

the “Physicists” view of materials, e.g.

Material properties --

the “Engineers” view of materials

Material indices --

ρ/E yρ/σ

1/2ρ/E
2/3
y

ρ/σ

Objective: minimise mass

Many more: see Appendix B of the Text

Minimise these!

1/3ρ/E 1/2
y

ρ/σ

Selection using charts

C
σ
ρ

y

=

Search
region

yσ
ρ

C =

Cρ/σy =

( ) ( )CLogρLogyσLog −=







Contours of constant
C are lines of slope 1 

on an σy-ρ chart
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Selection Using Charts

Function Stiffness     Strength

Tension (tie)

Bending (beam)

Bending (panel)

Material indices: the key to optimised choice

Cost, Cm

Density, ρ

Modulus,  E

Strength, σy

Endurance limit, σe

Thermal conductivity, λ

T- expansion coefficient, α

the “Physicists” view of materials, e.g.

Material properties --

the “Engineers” view of materials

Material indices --

ρ/E yρ/σ

1/2ρ/E
2/3
y

ρ/σ

Objective: minimise mass

Many more: see Appendix B of the Text

Minimise these!

1/3ρ/E 1/2
y

ρ/σ

Selection using charts

C
σ
ρ

y

=

Search
region

yσ
ρ

C =

Cρ/σy =

( ) ( )CLogρLogyσLog −=







Contours of constant
C are lines of slope 1 

on an σy-ρ chart
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Materials, Shapes and Processes
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Steps of selection

Local conditions:
does the choice match the local needs, expertise ?

Selected material (process…)

Screening, using constraints
eliminate materials which can’t to the job

Ranking, using objectives
find materials which do the job best

All materials (processes….)

Subset of materials (processes)

Structured
data

Further Information :
search “family history” of candidates

Shortlist of candidates

Unstructured
data

Materials, processes and shapes

MATERIALS

SHAPES

PROCESSES

• Ceramics
• Glasses
• Polymers
• Metals
• Elastomers
• Composites
• Natural materials

• Axisymmetric
• Prismatic
• Flat sheet
• Dished sheet
• 3-D solid
• 3-D hollow

• Deformation
• Moulding
• Powder methods
• Casting
• Machining
• Composite forming
• Molecular methods
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Process Material Compatibility
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Materials, processes and shapes

Materials, processes and shapes
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Selection by Technical Analysis 
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Materials, processes and shapes

Selection by technical analysis

MATERIALS
Material 1
Material 2
Material 3

…..

PRODUCTS
Product1
Product 2
Product 3

…..

PROCESSES
Process 1
Process 2
Process 3

…..

Enter

Find material that has

• Attribute 1 < C1   (Density, ρρρρ )

• Attribute 2 > C2   (Modulus, E)

• Attribute 3 > C3   (Strength, σσσσ)

• Attribute 4 = C4   (Poisson, νννν )

Multiple
constraints

Select on material properties alone
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Process Material Relationship
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Selection by association

MATERIALS
Material 1
Material 2
Material 3

…..

PRODUCTS
Product1
Product 2
Product 3

…..

PROCESSES
Process 1
Process 2
Process 3

…..

Find material that of type 

“INJECTION MOULDABLE”

and has

• Attribute 1 > C1

• Attribute 2 > C2

• Attribute 3 < C3

• Attribute 4 < C4

Multiple
constraints

Enter

Select on processability and material properties

Selection by analogy

MATERIALS
Material 1
Material 2
Material 3

…..

PRODUCTS
Product1
Product 2
Product 3

…..

PROCESSES
Process 1
Process 2
Process 3

…..

Enter

Find material that is like

Material X, or like that of  

Product Z

but has

• Attribute 1 > C1

• Attribute 4 < C4

and is of type

“SAND-CASTABLE”

Additional
constraints

Select on similarity (and innovative substitution)
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Selection on Similarity

56

Selection by association

MATERIALS
Material 1
Material 2
Material 3

…..

PRODUCTS
Product1
Product 2
Product 3

…..

PROCESSES
Process 1
Process 2
Process 3

…..

Find material that of type 

“INJECTION MOULDABLE”

and has

• Attribute 1 > C1

• Attribute 2 > C2

• Attribute 3 < C3

• Attribute 4 < C4

Multiple
constraints

Enter

Select on processability and material properties

Selection by analogy

MATERIALS
Material 1
Material 2
Material 3

…..

PRODUCTS
Product1
Product 2
Product 3

…..

PROCESSES
Process 1
Process 2
Process 3

…..

Enter

Find material that is like

Material X, or like that of  

Product Z

but has

• Attribute 1 > C1

• Attribute 4 < C4

and is of type

“SAND-CASTABLE”

Additional
constraints

Select on similarity (and innovative substitution)
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Multi-objective optimisation for selection

• How balance objectives ? eg

Performance,  P        Conflicting
Cost,  C                     objectives

• Plot performance metric P 
against cost metric  C

• A “solution”, is a material 
with a given combination of 
cost and performance

• Dominated and 
non-dominated solutions

High Performance metric  P Low

C
h

e
a

p
  

 
C

o
s

t 
 C

E
xp

e
n

si
ve

A Dominated 
solution

B Non-dominated 
solution

Trade-off surface

Multi-objective optimisation for selection

High Performance metric  P Low

C
h

e
a

p
  

 
C

o
s

t 
 C

E
xp

e
n

si
ve

A Dominated 
solution

B Non-dominated 
solution

Trade-off surface

• The trade-off surface (or Pareto front) is the surface on which the non-
dominated solutions lie

• Use intuition to select

• Form a value function:  a composite objective

• Non-dominated solution (B):
no one other solution is better by 
both metrics

• Solution: a viable choice, 
meeting constraints, but not 
necessarily optimum by either 
criterion.

• Dominated solution (A):
some other solution is better by 
both metrics
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Multi-objective Optimization
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Multi-objective optimisation for selection

• How balance objectives ? eg

Performance,  P        Conflicting
Cost,  C                     objectives

• Plot performance metric P 
against cost metric  C

• A “solution”, is a material 
with a given combination of 
cost and performance

• Dominated and 
non-dominated solutions

High Performance metric  P Low
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B Non-dominated 
solution
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Multi-objective optimisation for selection

High Performance metric  P Low
C
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A Dominated 
solution

B Non-dominated 
solution

Trade-off surface

• The trade-off surface (or Pareto front) is the surface on which the non-
dominated solutions lie

• Use intuition to select

• Form a value function:  a composite objective

• Non-dominated solution (B):
no one other solution is better by 
both metrics

• Solution: a viable choice, 
meeting constraints, but not 
necessarily optimum by either 
criterion.

• Dominated solution (A):
some other solution is better by 
both metrics
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Multi-objective Optimization
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Multi-objective optimisation for selection
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Summary

• Engineering Materials
• Material Property Charts
• Material Indices
• Material Selection Methodology by Ashby
• Multi-objective Optimization
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