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Outline

History -- the evolution of materials

Materials and their attributes

The nature of materials data

Exploring relationships: Material Property Charts

The design process

Matching material to design: screening and ranking

Resources:
* “Materials Selection in Mechanical Design”, (“The Text”) by M.F. Ashby,
Butterworth Heinemann, Oxford, 1999, Chapters 1 - 4.
* The Cambridge Material Selector (CES 4) software -- Granta Design, Cambridge
(www.grantadesign.com)
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The evolution of materials
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EVOLUCION: Materiales y concepcion de un dispositivo

FUNCION: Limpieza

=

i~

(a)

1905

(b) 1950

Sistema « manual »=2Sistema mecanico
Recipiente y « trapitos » (1905)

!

Tubo con ventilador (1950)
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Necesidad subjetiva: beber el vino,

Necesidad objetiva: destapar la(s) botella(s)

Necesidad->Funcion: extraer el corcho

Ht « bien »:rapidamente,sin dafio ni « desgaste »

!

Soluciones conceptuales para la Funcion:

-la traccion axial (a),
-el cisaille (b),

-empuje: hacia afuera (...y hacia adentro!..) (c),

-destrozarlo (d)!

-cortar el cuello de la botella ...(« sablazo!») (e).
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Applicacion de las soluciones conceptuales (funcionamiento)

-Tornillo y tension (a,b,c,d),

-Laminas finas y elasticas
(apresar el corcho y cisaille, e),

-presion de aire interior (f).
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-Applicacion :

(a) solucion clasica « a pulso ».

|

-Applicaciones indirectas del esfuerzo:

(b) palanca,

(c) cremallera,

(d) con ayuda de resorte precomprimido.

AAAAAAAN
AV Y YV VY
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Propiedades de los materiales interviniendo en las fases

De concepcion y realizacion.

=

Type

Général

Mecanique

Thermique

Usure,
corrosion

Proprieté
Cout
Densite

Modules d'élasticité (Young, cisaillement,
compressibilité)

Resistance mécanique

Energie de rupture

Ténacite

Capacité d’amortissement

Limite d'endurance

Conductivité thermique

Diffusivité thermique

Chaleur spécifique

Température de fusion
Température de transition vitreuse
Coefficient de dilatation thermique
Résistance au choc thermique
Résistance au fluage

Coefficient d'usure d'Archard
Vitesse de corrosion

Constante de vitesse parabolique
d'oxydation
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Materials, process and shape

Unit 1, Frame 1.3

Metals,
ceramics, glasses

MATERIALS

polymers
composites...

Casting ,
moulding

PROCESSES

powder methods,
machining...

Flat and dished
sheet

SHAPES
prismatic,
3-D
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The world of materials

Unit 1, Frame 1.4

Steels
Cast irons
Al-alloys

Metals

Cu-alloys
Ni-alloys
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Ceramics,
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Woods

Polymer foams

Metal foams Natural
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Ceramic foams i :
Natural fibres:
Glass foams Hemp, Flax,

Cotton
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Clasificacion de una Propiedad (CES—>1)

Young’s modulus, GPa
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Clasificacion segun interaccion de Propiedades (CES—>2)
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Basic material properties

Mechanical properties Thermal expansion
General _
. . 4—KO—’
Weight: Density p, Mg/m3 o
: ®
Expense: Cost/kg C,,, $/kg =
g
. = w_ Expansion
Mechanical E coefficient, a
Ductile materials i ; ,
Stiffness:  Young’s modulus E, GPa Temperature, T
o Elastic limit.oy | Strength:  Elastic limit o, , MPa .
0 / 9 A Thermal conduction
< Fracture strength: Tensile strength ¢, , MPa ey e
(9p]
3 . 1/2
“~Young's modulus, E Brittleness: Fracture toughness K., MPa.m T1 f. -|-0
TILL 3 .
Strain © Thermal Area A/ ....»- Q joules/sec
Brittle materials | Expansion: Expansion coeff. o, 1/K B
Tensile (fracture) Conduction: Thermal conductivity A, W/m.K o4
© strength, cs é
(7)) =
§ = w_ Thermal
N Electrical 2 conductivity, A
Young'’s
™ modulus, E | Conductor? Insulator? ———Y
(T, To)X

Strain €
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Ensayos y Propiedades Mecanicas (CES-> 3,4)

Limite Elastico,Ductilidad/Fragilidad,Limite de Ruptura.

Mechanical

Stiffness:  Young's modulus E, GPa
Strength:  Elastic limit 6, , MPa

Fracture strength: Tensile strength ¢, , MPa
Brittleness: Fracture toughness K., MPa.m%?

o=E

f"_
Ay Céramiques “A
. - SIS °X Fragile (T << ;) Polyméres

f.
"R Métaux |

Compression

Plasticité limitée
X (T=08Ty)

(T=Tg)
Ecoulement visqueux
T>>Tp
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Elasticidad medio isotropo y homogeneo (CES->5).

1-3- Stresses (0 =Ciikieyj )
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Ensayos y Propiedades Mecanicas (CES->5)

Fragilidad, Ruptura, defectos Criticos.
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Mechanical properties illustrated

Stiff )
, Strong
@ All OK'!
— ﬂfo\r — ¥ Tough "
Q@ ~ © .
Light )
N 7
< «— Not stiff enough (need bigger E)
®) O
W@ <— Not strong enough (need bigger o)
r@ —
\ @Ob <— Not tough enough (need bigger K;.)
ﬁ@ —_—

«<— Too heavy (need lower p)
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Materials para estructuras de aviones o

Funcion
- transporte .. a menor costo!
y con "seguridad" ! (civil)

- ir rapido ... maniable (militar)
Solicitaciones distintas <> Requisitos distintos
*Alas: solicitaciones importantes
— la estructura no debe plastificarse
* Fuselaje: solicitaciones menos importantes, sin embargo,
= la estructura debe ser rigida
* otros componentes; menos solicitados
= limitar la corrosion
Seguridad:

—> resistencia a la fatiga!
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Mechanical properties illustrated

Problema 1

(3 Optimizacion de la resistencia de placas en flexion (las alas),
minimizando el peso. Que combinacién de propiedades del

\/ material deben optimizarse?

= Concepto nocion de indice de rendimiento (performance).

Problema 2

Una parte de la estructura de un ala esta en traccion: asegurar
una buena tenacidad. La parte alta esta en compresion... y hay

que evitar que se produzca un pandeamiento (inestabilidad).

= Modos de solicitacion diferentes ... criterios distintos.
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Inestabilidad de una placa en compresion -

2
ritl
’ 1-v'\b
a a

K=fl—|>—->3
-3

K =3.29

...plt el espesor =

t>(Fb(1 —VZ)J”’
KE

y como el peso:

1M=;ahiﬂ_+§¢{§%é;l).a

caisson de voilure

b s
E]#S é’ .

Mliviana =
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Mechanical properties illustrated

y el otro criterio es que 6. debe quedar < a o (yield)*

— como M ={.b-t-a

Miliviana = (é’ — o, ]
o g

E(Gpa) | o(Mpa) | Z(t/m”) | E"™/ o,/C
Acero 215 1081 7.83 0.865 ' 138
|Alcacion| 110 | 830 4.43 1.08 187
Ti6Al4V |
Aluminio| 71.6 500 2.8 1.48 i 178
T-76 |
Aluminio| 73 345 2.77 1.5 124
T-3 |
Epoxy-C| 129 1600 | 15 3.4 1070
Balsa 94 | 39 | 042 50 [ 93

caisson de voilure
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Mechanical properties illustrated

Balance

- Aleactones de Al

T; — parte en compresion

T+ — parte en traccion ) L
- acero no conviene
- titanio ... caro! (encasodecrisis$ )
- Balsa!? (Ader, ... 1900 + 20)

- epoxy + C } excelente solucién

pero carisima! (los militares si!)

© 2002, M.F. Ashby and D. Cebon



Mechanical properties illustrated

1, MODULUS-DENS]Tj
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Ensayos y Propiedades Mecanicas (CES—2>6,7)

Solicitaciones ciclicas, Amortiguamiento,Uso y Desgaste. =

Volume, V
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Ensayos y Propiedades Mecanicas (Activacion Termica).
Creep Max/Min Serv. Temps. (CES-> 8,9,10). =

cooo00000D00

£ -

=f-R=g=i-F-1-F-F.0-1-F.]
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Propiedades Termicas (CES~> 11,12).

Coeficientes de Dilatacion y Conductividad Termica.

)
% q
T
p—_—— ] -
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Materials information for design

The goal of design:
“To create products that perform their function effectively, safely, at acceptable cost”
What do we need to know about materials to do this? More than just test data.

Data Statiistigal Selection of Economic analysis

capture analysis material and process and business case
Mechanical Properties
Bulk Modulus 4.1 - 4.6 GPa
Compressive Strength 55 - 60 MPa
Ductility 0.06 - 0.07

|::> |::> Elastic Limit 40 - 45 MPa
EP:cl:LrJ?g?otglrt]ess 343 » 276 mg:\.ml/z
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- 0.95GPa
Tensile Strength 45 - 48 MPa
Young's Modulus 25 - 28 GPa

Test Test data Design data Potential Successful
applications applications
\ J
\ J ———— g—
Characterisation Selection and implementation

Unit 1, Frame 1.7 © 2002, M.F. Ashby and D. Cebon



The nature of material data

o Numeric:
properties measured by
numbers:

density, modulus, cost
...other properties

J

« Non-numeric:

yes - no (Boolean) or

poor-average-good type (Rankings)

Can extrude?

Good or bad
in sea water?

Supplier
information

properties measured by

Case
studies

e Supporting

material?

specific: what s the experience with the

Failure
analyses
Established
applications
W,

Standards
and codes
(ISO 14000)

information,

e Supporting information,
general: what else do you need to know?

Sector-specific
approval
(FDA, MilSpec)

Handbooks,
data sheets

“Structured” and “Unstructured” data

Reports, papers,
the Web




Data organisation: materials

Kingdom

Unit 1, Frame 1.9

\

Family Class Member Attributes
fDensity A
« Ceramics Steels 1000 Mechanical props. A
« Polymers Cu-alloys 2000 Thermal props.
3000 Electrical props Structured
e Metals Al-alloys 4000 RS >informati0n
: Optical props.
« Natural Ti-alloys 5000 _
_ 6000 Corrosion props. )
* Foams Ni-alloys 7000 Supporting information | )
. Composites Zn-alloys 8000 - specific Unstructured
information
L~ general )
— J
Y

A material record
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Structured data for ABS*

Acrylonitrile-butadiene-styrene (ABS) - (CH2-CH-C6H4),,

General Properties Electrical Properties
Density 1.05 - 1.07 Mg/m"3 Conductor or insulator? Good insulator
Price 2.1 - 2.3 US $/kg

Optical Properties

Mechanical Properties Transparent or opaque? Opaque
Young's Modulus 11 - 29 GPa
Elastic Limit 18 - 50 MPa
Tensile Strength 27 - 55 MPa Corrosion and Wear Resistance
Elongation 6 - 8 % Flammability Average
Hardness - Vickers 6 - 15 HV Fresh Water Good
Endurance Limit 11 - 22 MPa Organic Solvents Average
Fracture Toughness 1.2 - 4.2 MPa.m? Oxidation at 500C Very Poor
Sea Water Good

. Strong Acid Good
Therm_al Properties Strong Alkalis Good
Max Service Temp 350 - 370 K uv Good
Thermal Expansion 70 - 75 109K Wear Poor
Specific Heat 1500 - 1510 J/kg.K Weak Acid Good
Thermal Conductivity 0.17 - 0.24 W/m.K Weak Alkalis Good

*Using the CES 4 Level 2 DB
Unit 1, Frame 1.10 © 2002, M.F. Ashby and D. Cebon




Unstructured data for ABS*

What is it? ABS (Acrylonitrile-butadiene-styrene ) is tough, resilient, and easily molded.
It is usually opaque, although some grades can now be transparent, and it can be given vivid
colors. ABS-PVC alloys are tougher than standard ABS and, in self-extinguishing grades, are

used for the casings of power tools.

Design guidelines. ABS has the highest impact resistance of all polymers. It takes
color well. Integral metallics are possible (as in GE Plastics' Magix.) ABS is UV resistant for
outdoor application if stabilizers are added. It is hygroscopic (may need to be oven dried
before thermoforming) and can be damaged by petroleum-based machining oils.

ABS can be extruded, compression moulded or formed to sheet that is then vacuum thermo-
formed. It can be joined by ultrasonic or hot-plate welding, or bonded with polyester, epoxy,
isocyanate or nitrile-phenolic adhesives.

Technical notes. ABS is a terpolymer - one made by copolymerising 3 monomers: acrylonitrile, butadiene and syrene. The
acrylonitrile gives thermal and chemical resistance, rubber-like butadiene gives ductility and strength, the styrene gives a glossy surface,
ease of machining and a lower cost. In ASA, the butadiene component (which gives poor UV resistance) is replaced by an acrylic ester.
Without the addition of butyl, ABS becomes, SAN - a similar material with lower impact resistance or toughness. It is the stiffest of the
thermoplastics and has excellent resistance to acids, alkalis, salts and many solvents.

Typical Uses. Safety helmets; camper tops; automotive instrument panels and other interior components; pipe fittings; home-security
devices and housings for small appliances; communications equipment; business machines; plumbing hardware; automobile grilles; wheel
covers; mirror housings; refrigerator liners; luggage shells; tote trays; mower shrouds; boat hulls; large components for recreational
vehicles; weather seals; glass beading; refrigerator breaker strips; conduit; pipe for drain-waste-vent (DWV) systems.

The environment. The acrylonitrile monomer is nasty stuff, almost as poisonous as cyanide. Once polymerized with styrene it

becomes harmless. ABS is FDA compliant, can be recycled, and can be incinerated to recover the energy it contains.

*Using the CES 4 Level 2 DB
Unit 1, Frame 1.11 © 2002, M.F. Ashby and D. Cebon




Data, perspective and comparisons

o Handbooks, compilations (see Chapter 13 of The Text) Y

BUT: no perspective,

« Suppliers’ data sheets > or comparison between

 The Worldwide Web (e.g. www.matweb.com) material classes
J
| Example: Typical properties of wrought Al-alloys (extract) |
Tension Hardness Shear Fatigue Modulus

Strength, ksi Elongation, % in 2 in.

Brinnell Ultimate

1/16 in. number  shearing Modulpg“ of

Alloy and thick 1/2in.dia. 500kgload strength, Endurance® elasticity,

temper Ultimate Yield specimen specimen 10 mm ball ksi limit, ksi ksix 103
5652-HO 28 13 256 30 47 18 16 10.2
5652-H32 33 28 12 18 60 20 17 10.2
5652-H34 38 31 10 14 68 21 : 18 10.2
5652-H36 40 35 8 10 73 - 23 19 10.2
5652-H38 . 42 37 7 8 77 24 20 10.2
56567-H256 23 20 12 . 40 12 .. 10.0
5657-H38, H28 28 24 7 . 50 15 .. 10.0
6061-O 18 8 25 30 30 12 9 - 10.0
6061-T4, T451 35 21 22 25 65 24 14 10.0
6061-T6, T651 45 40 12 17 95 30 14 10.0
Alclad 6061-0 17 7 25 . . 11 .. 10.0
Alclad 6061-T4, T451 33 19 22 . . 22 . 10.0
Alclad 6061-T6. T651 42 a7 12. . .. 27 - o 10.0

Unit 1, Frame 1.12 © 2002, M.F. Ashby and D. Cebon



Using CES 4 to find data

-

« Three levels of database (levels 1,2 and 3)

/Finding data (“browsing”):

e Locate candidate on MATERIALS tree and double click, or

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

/

Demo: finding data for materials

\_

/

Relationships and comparisons

o Material bar-charts

Material property charts

K.




Relationships: property bar-charts

Unit 1, Frame 1.14

Young’s modulus, GPa

Aluminum

Zinc
yd
Lead

Metals

PEEK
PP

| PTFE

||f|

Polymers

Alumina I
Glass
Ceramics

CFRP

I/IIU

GFRP |||
/

Fibreboard

Composites
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Bar- chart created with CES 4 (Edul)

Low alloy steel WC
10004 High carbon steel / BC

E Stainless steel ( /l/ SiC  Aumina _ _

] / T| allove ' |/ Al-SiC Composite
—_ - ] ] y
© 03— Cu- aIons . CFRP
0. ] Zn-alloys / Glass Ceramlc -
O Al-all / Acetal, POM y
Nl alloys Silica glass

104 Mg-alloys —— Polyester, rigid  KFRP
(g E PS ABS Soda-Lime glass | GERP )
= PUR Plywood
g®) 1
o
£ PTFE )
D oa lonomer
(@)]
c
> EVA——
>O- O.OlE -
Polyurethane —
Natural Rubber (NR) —
1e-003 1
3 Neoprene —
Metals Polymers Ceramics & glass Composites
1le-004

« Explore relationships

« Elementary selection (“Find materials with large elastic limit”)

Unit 1, Frame 1.15 © 2002, M.F. Ashby and D. Cebon



Material property- charts: Modulus - Density

Unit 1, Frame 1.16

1000 |

Eloo

) Composites

"'(,J, 10| Woods

=

3 C/ Metals

=

-U) 1

= J

% Foams Polymers

~ 0.1 w
I / j Elastomers

0.01 |
0.1 1 10

Density (Mg/m3)

100
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Hard-copy charts: Modulus - Density

e

Unit 1, Frame 1.17

1000 ' o 3
1. MODULUS-DENSITY we-Co 4
YOUNGS MODULUS E ]
= . = .

(G=3E/8; K=E) . @ ALUMINAS e -4
- AL ALLOrEALOYS LT ]

NFI'RP |GL TEELS NIALLOYS

b C3-cuauors
100 = ERY Al o y .
E - FRP Al LS ]
- P GFRP ALLOYS = .
F - B £RE ROCK, STONE G’ ALLOYS ]
i (i)" " ENGINEERING—"| LAMINATE aiasint .

(m/s) - COMPOSITES GFRP
~ __.E.... KFRP, i ALLOYS > -~ ;/_
s _POROUS -
ALLOYS ceRAMICS i //
/
ENGINEERING .~~~ / , A
ALLOYS .
POXIES ~ 4 // ]
PMMA P // / )
PVC “ s 1
NYLON e
/snsmggmug /7 P
F’OLYESTV POLYMERS 7 "
) — VA
- [ere e X e
e HDPE 3
F [CowERE LMIT O SUIDE LINES FOR|
" |FOR TRUE SOLIDS MINIMUM WEIGHT |
OESIGN .
POLYMERS i
FOAMS

) 1 Ld L

YOUNGS MODULUS, E (GPa)

1.0
DENSITY, P (Mg/m?)

30

Hard-copy charts can be
copied from MSMD, or
downloaded from
www.grantadesign.com
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Property chart created with CES 4, Level 1 =

1000

100+

Modulus - Density

| Silicon Carbide | )
Tungsten Carbides
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o
1111

[
111
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o
i

Young’s modulus (GPa)

O/\

S
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—
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Vo

Concrete

7

/—@g%
COO—
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Lead alloys —

0.014

Flexible Polymer Foams L)

1e-003-

1e-004

(D

( Silicone
Polyisopren

e I;
Polyurethane
Butyl Rubber {

Neoprene

0.01

Unit 1, Frame 1.18
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Hard-copy charts: T-expansion - T-conduction
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Property chart created with CES 4, Level 1
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The main points

A classification system for materials allows data for them to be
organised

* The data takes several forms:

(a) numeric, non-numeric data that can be structured in a uniform
way for all materials

(b) supporting information specific to a single material, best stored
as text and images

* The organization allows information to be retrieved accurately and
efficiently

» Visual presentation of data as bar-charts and property (bubble)
charts reveals relationships and allows comparisons

Demo: creating bar and bubble charts with CES 4
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