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O The designer of any product, other than software must get involved with
material selection.

O Only occasionally will the exact grade of material be specified by the
customer.

[ Even then the designer must understand the material to be able to
design the product.

O Material selection is critical part of almost all engineering designs
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w\_@—_—' <— Not strong enough (need bigger o, ) Yield strength
\ % ) 4— Not tough enough (need bigger K,.) Fracture toughness
Q

E’E- < m ,_ﬁi <4+— Too heavy (need lower p) Density
SR REE tiff )
strong - Al OK !
Light |

M. Ashby, Materials Selection in Mechanical Design, 2004.
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Why Should I Care? - Evolution of Materials

10000BC  5000BC 0 1000 1 500 1800 1900 1940 1960 1980 1990 2000 2010 2020
Gold  Copper | —— | | | | | | '
Powe  (Wems]
i Ir-:::-n i | i i i i Glass'g.r Metals | i i
:f;:?;ﬁ::rg I : : Gast Iroln : : : Al- L|th|um Alloy' Deiurelopment :Slcuw:
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8 | | | | Steels ! ! : Dual Phase Steels ! y t}"r:
: Wmd : : : : Ailﬂ : : CGII"Itl'Gl and :
E Skins i i i . Stegls i i Mlcroalloyed Steels Processing |
E Fibers i | Glues i i i | New ISuper Alloys i
Q 1 1 : 1 1 nght 1 1 I e
= : i i i i Alloys i i i Polymers &
; Composites l i Huibber i Super AII:-::-ys i i elastolmers
= Straw-Brick  Paper E : : E E ] High Tem'peraturei/
-— i | ' | i . | | '
1] S ! ! ! ! ! Zirconium } Alloys ! Polymers .
9 m\nf.?glint E E E | B !k i E High Modulus Composites
o Pottery : : ! axe ite Polyrpers _
i Glasls i i i
e LN T
Ceramics & : ' Refractories ! !
gasses | 11U e | g
i | | | ‘Cement | Fused - i Pyro- Tough Engineerin | |
I I I I I | Silica Cermets Cergmlcs CBI’&mICS?IAlg'ch, %igNd, PSZ etc. }'
10000BC  5000BC 0 1000 1500 1800 1300 1940 1 96(} 1 98[} 1990 EUDU 201 0 2020
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Role of Materials Selection in Design

* Materials selection is a key step for a successful design

* Alarge number of materials to select from

* Discovery of new and advanced materials

Function

Mechanical
Properties

Failure

Mode

anufacturability

Cost

Environmental

Considerations

* An ability to select materials that best meet requirements of a design
* Access to information and tools for comparison and selection
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Introduction & Background

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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Introduction & Background

ﬁoperty characteristics of material classes

R T AT I

Metals Ceramics Polymers
Weak
Stron Strong :
Stiff g Stiff Compliant
Tough Brittle Durab.le ] .
Electrically conducting Electrically insulating Electrically insulating

High thermal conductivity ~ Low thermal conductivity Temperature sensitive

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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Introduction & Background

Material property

Electrochemical

Creep

rate

Kisce
potential
Hardness
Coefficient
of expansion

yield strength
Kic

Ultimate
tensile
strength
Yield
strength
Compressive
Shear

yield strength
Fatigue
properties
Ductility
Impact
energy
Transition
temperature
Modulus

of elasticity

Failure mode
Gross yielding
Buckiing
Creep
Brittle fracture
Fatigue, low cycle
Fatigue, high cycle
Contact fatigue
Fretting
Stress-corrosion cracking | <. ~
 Shaded block at intersection of material property and failure mode indicates that a particular material property is influential in controlling a particular faiture mode.

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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Material performance characteristics

Background & Introduction

Tt ‘1 (Arr-ff(-lrf C‘j\l‘rf"(f_‘i

Physical
properties ;

rystal structure
Density
Melting point
Vapor pressure
Viscosity
Porosity
Permeability
Reflectivity
Transparency
Optical properties
Dimensional stability

Electrical
properties:
nductvity

Dielectric constant
Coeraive force
Hysteresis

uclear
properties :
Half-life
Cross section
Stability

Mechanical |
roperties: ./
Hardness
Modulus of elasticity
Tension
Compression
Poisson’s ratio
Stress-strain curve
Yield strength
Tension
Compression
Shear
Ultimate strength
Tension
Shear
Bearing
Fatigue propertics
Smooth
Notched
Corrosion fatigue
Rolling contact
Fretting
Charpy transition temp.
Fracture toughness (K,.)
High-temperature
Creep
Stress rupture

Thermal

properties :
nductivity

Specific heat

Coef. of expansion

Emissivity

Absorptivity

Ablation rate

Fire resistance

Chemical
perties :
ton in
clectromotive series
Corrosion and degradation
Atmosphernic
Salt water
Acids
Hot gases
Ultraviolet
Oxidation
Thermal stability
Biological stability
Stress corrosion
Hydrogen embrittlement
Hydraulic permeability

Damping properties Fabrication
Wear properties properties
Galling Castability
Abrasion Heat treatability
Erosion Hardenability
Cavitation Formability
Spalling Machinability
Ballistic impact Weldability

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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Where Do | Start?

U Textbooks
[  Good for general information

O Some have tables of properties MATERIALS

0 Not good for detailed specifications and properties SELEC'HON

O A useful first point of call AL
U Databooks (e.g., ASM’s Books on Metals) INMEE;IIAG“IC

1 One of the quickest sources of detailed information

[ Usually contain grades and specifications as well as properties / '

O Small and perfectly formed — pocketbooks
 Easy to navigate around

O Manufacturer’s literature
O Variable in quality and usefulness

N[l

LIS e
R

O Often only cover their products -

Usually do not compare materials

O Can be biased
O Good for final selection before ordering

O Internet Sites Outline

' Can be a real minefield . :

O Lots of poorly presented information Mater!al prope_rty
O Google searches bring up lots of rubbish « Material selection
g Hard to find technical information . Sustainability

Best to use non-commercial sites
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Physical

— Density

— Melting point

— Vapor pressure
— Viscosity

— Porosity

— Permeability

— Reflectivity

— Transparency

— Optical properties
— Dimensional stability

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh

Material Properties

Chemical

— Corrosion

— Oxidation

— Thermal stability
— Biological stability
— Stress Corrosion

Electrical

— Conductivity

— Dielectric constant
— Coersive force

— Hysteresis

Thermal

— Conductivity
— Specific Heat

— Thermal expansion
— Emissivity

Mechanical

Hardness

Elastic constants
Yield strength
Ultimate strength
Fatigue

Fracture Toughness
Creep

Damping

Wear resistance
Spalling

Ballistic performance

Page 14



Material Selection Process

““The interaction between function, material,
shape and process lies at the heart of the
material selection process.” / \

— Shape

\N /

Process

- M. Ashby BUMLELEHE]

d Ashby Methodology

J Translation: Express design requirements as objectives & constraints

J Screening: Eliminate materials that cannot do the job
J Ranking: Find the materials that do the job best
J Supporting information: Explore pedigrees of top-ranked candidates

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 15
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Translation >

“Express design requirements as objectives and constraints”
Using design requirements, analyze four items:

1. Function: What does the component do?

2. Objective: What essential conditions must be met?

3. Constraints: What is to be maximized or minimized?

4. Free variables: Which design variables are free?

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 16



Translation Example - Light Strong Tie

4
Le

Translation >
B/

Area A~ L
1. Function: Support a tension load Vield strength
2. Objective: Minimize mass 1, = ALp > A = m/L p
3. Constraints: Length specified, Carry load F, w/o failure: F' / A< Oy
4. Free variables: Cross-section area, Material:

F/JA=FLp/m <Oy
m/FLp >1/0y

o) .
OR Maximize Material Index (_y) Adapted from J. Gregory and R. Kirchain

> m>(F)(L) (%) “—— Minimize

It

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 17



Translation Example - Heat Sink for Power Electronics

Translation >

1. Function: Heat Sink Substrate

Connecting pins

N
2. Objective: Maximize heat transfer Chipess oo o
3. Constraints: i ] U M

J Maxservicetemp: T>200C
3 Electricalinsulator: R > 10%2°uQ cm:

W . .
O Thermal conduct: 1 > 100 — Adapted from J. Gregory and R. Kirchain

Cooling fins

J Not heavy:p < 3,000%?

4. Free variables: Material and some Geometry

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 18



Material Selection Process - Screening

P oo

‘“Eliminate materials that cannot do the job”

Need effective way of evaluating large range of material classes and properties

Material Property Chart for
Double Property Screening

1000 |

Bar Chart for Single Property Screening

Steel I/WC
c Ceramics /_w

—_ 0
s pper l
o | I/ | CFRP + 100
o I o Composites =
2T Alumina | | | | < :
I 12 e | s
S ‘g‘ Aluminum I GFRP | E - : Metals
ES Zinc/ | PEEK 201 =
o< A op Glass Fiberboard g’ Foam [ Bl
g Lead 2 / Gt
> |[ P 0.1 e

I | [l K / \j Elastomers

0.01

Metals Polymers Ceramics Hybrids 0.1 1 10 100
Density (Mg/m?3)

Adapted from J. Gregory and R. Kirchain
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Screening Example — Heat Sink for Power Electronics

P comee g

L Max service temp > 200 C

I/WC
I
Steel /I |
I/I Copper Alumina |

I/ CFRP
IJ PEEK /I I/”U
! . PP Glass | ! 1

Max service temperature (K)

AIuminumI I 200 c
/ PTFE /
Zinc | Fiberboard
Lead I | [l
Metals Polymers Ceramics | Composites Adapted from J. Gregory and R. Kirchain

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 20



) Screening Example - Heat Sink for Power Electronics

0 Ka ‘A

P s g

O Electrical insulator: £ > 102O,LLQ cim
' Thermal conduct: T-conduct. A > 100 W/m K

1000 2
¢ - R > 10240 cm
< Metals Ceramics
£ 100 B < A> 100 W/m K
2
Z 10
e ) Polymers &
'§ CoJmposntes elastomers
o 1
o
®
g 0.1
L
-
" 1010 1020 10%
Electrical resistivity ( nQ cm) Adapted from J. Gregory and R. Kirchain
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Material Selection Process — Ranking

Dy

“Find the materials that do the job best”

What if multiple materials are selected after screening?

Which one is best?
What if there are multiple material parameters for evaluation?

Use Material Index Adapted from J. Gregory and R. Kirchain

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 22
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Ranking Example - Overhead Transmission Cable

L. Ay

1. Function: Transmit electricity

2. Obijective: R = pe
L . . A
Minimize electrical resistance T
1. Constraints: Electrical resistivity

d Length L and section A are specified
d Must not fail under wind or ice-load =2
Required tensile strength > 80 MPa
2. Free variables: Material

https://eeguides.blogspot.com

Screen on strength, Rank on resistivity

Adapted from J. Gregory and R. Kirchain
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Single Property Ranking Example — Overhead Transmission Cable

. 1e27 Polystyrene (PS)
O Screening on strength [
1 1 mina p;))(les
eliminates polymers, e A e/ PETE
some ceramics iriry, ([ cameramer
P ‘ NI | Polyester
g ‘ (II— Polyurethane (tpPUR)
- o E . Isoprene (IR)
 Ranking on resistivity S | ! /wm
selects Al and Cu alloys = | Seemceme
= o Cork
s |
z . L
g | rBoron Carbide
X ..
o |
The selection |
000 A\ Titanium alloys
1
Adapted from J. Gregory and R. Kirchain \ L°WM2:'°V St_ee'TH SRRERETS
1 gnesium alloys 77
Aluminium alloys
1e3 Copper alloys
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Material Selection Process — Supporting Information

Young's modulus

Ceramics
60 (] > 1000
Porous ceramics
8 [ 100
Glasses
50 ] 90
Metals and‘ alloys
13 400

Composites
B 200

Woods and wood products
0.08 25
Polymers
<0.01 ! : ! 10
Rubbers
<0.01 0.1
Polymer foams
<0.01 ] |05
|
0.01 0.1 | 10 100 1000

Flexible == YOUNG'S MODULUS(STIFFNESS) (GPa) — stiff

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh
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Material Selection Process — Supporting Information

Strength and Specific Strength

Ceramics
BO >10000

Porous Ic-u:rarrni cs
10 | 1100
l Glasses

212 [ ] 440

Metals and alloys

4 : : | 3000

Woods and womj! products |
0.4 [ N &0

Composites

50 1600

7] | 30

Poly mer foams

<0.1 L 10

0.1 ; ] 100 1000 10000
- Woeak STRENGTH (MPa) Strong >

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html
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Material Selection Process — Supporting Information

)

o F

Toughness

I Ceramics
{l),ﬂ[)] 0.2
Porous ceramics

<0.001 | 0.04

Glasses

0.004 [ 0.008
Metals and alloys
0.34] | 145
Composites
¢ I <0
Woods and wood products
0.0015 34
Polymers
0.1 3 X 100
Rubbers
[ | 200
Polymer foams
0.001 : : . |5
| 1 I
0.001 0.01 0.1 I 10 100 1000
- Brittle TOUGHNESS (k”ﬂ"lz) Tough =

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html
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Material Selection Process — Supporting Information

)

o F

Elongation

Ceramics
0.0003 |: 0.01
Porous ceramics
<0.0001 0.0016
Glasses
0.0004 [] 0.0005

Metals and alloy
0.0005 [ 10.9

Composites

0.008 0.05
Woods and wood produlcts
0.003 I 0.05
Polymers
0.008 | . H
Rubbers
| | 9
Polymer foams
O.?O?. | : : : 10
1 I I |
0.0001 0.001 0.01 0.1 | 10
- Brittle ELONGATION Ductile —=

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html
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Material Selection Process — Supporting Information

Density
||ano % 12000

Porous ceramics

1100 [ 3300

Glasses

2200 [ 4000

Metals and alloys
1700 [ ] 22000

Composites

1200 [ 2000

Woods and wood products

<300 q 1200

Polymers

800 ::l 2400
Rubbers
900 [C_____] 2300
Polymer foams
<300 | 500
)
300 1000 10000 30000

== Light DENSITY (kglm3) Heavy -—=

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html
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Ceramics
|

500 |

T
Porous ceraltmics

100

| Glasses

| 500

Metals and alloys

Composites
5o I 250

Woods and wood products
&0 [ 1 50
PolymeL
60 250
Rubbers
<0 250

Polymer foams

11—
I

Material Selection Process — Supporting Information

Maximum Service Temperature

>1000

>1000

0 200

MAXIMUM SERVICE TEMPERATURE (°C)

400 600

1000

http://www-materials.eng.cam.ac.uk/mpsite/properties/default.html
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Materials Selection
by
Material Index
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Recall tensile load example: F B F

Tension load, strength limited AreaA”  * L g
O Maximize material index: 10000

M - O/p 1000
4 Inlog space:

log o = log p + log M

0

Strength (Gpa)

[ WR0ds
IS i i i s Polymers
[ This is a set of lines with slope =1
(1 Materials above line are 3 Elastomers
candidates Foﬁ
0.1 L—
0.1 1 10 100
Density (Mg / m3)

Adapted from J. Gregory and R. Kirchain
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mize Materials Selection Using Material Index

242 ENGINEERING DESIGN

K
b 2. Strength — density %% 3
: yield strength Engineering " ;
Metais, polymers: yield gt e /./

Ceramics, glasses: crushing strength

1000

TTTTTT

Strength, o, (MPa)
8

10

1 S P | 1 | e A
0.1 i 3 10
Density, p (Mg/m?)
(b)
FIGURE 6-6b
Ashby materials sclection chart: strength vs. density. (M. F. Ashby, Mater Sci. and Eng., vol. 5,
P. 522, 1989.)

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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Optimize Matyerials Selection Using Material Index

Material Indices & Property Charts

Stiffness 1000
Example: e
Stiff beam s

- & 10
- Maximize: M = E?/p g
- In log space: g !
log E =2 (log p +log M) 0.1

- This 1s a set of lines

' 0.0 b |
with slope=2 0.1 : I |

- Candidates change with objective Density (Mg / m3)

Adapted from J. Gregory and R. Kirchain
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1000— . / Englf;e/ering
1. Modulus — density ‘ i
Euz E‘f-l
Eafor = —— = c
P P o O() i anoys
5 //
-
100 Engl ing ~
= ineeri - ; -
= k neering
- = composites H:*/m Elnlg;s
w
& i3
=2
=
=23 O =
E =
¥ =
= =
= o
=1
2 =
>
— Engineenng
polymers
1.0 f_—/
&
o — :
. 10
0.1 C o
Density, p (Mg/m~)
(@)
FIGURE 6-6a

Ashby matenals selection chart: Young's modulus vs. density. (M. F. Ashby. Mater. Sci. and
Tech. wol. 5. p. 521, 1989.)

Dieter, George E. (1991). ENGINEERING DESIGN: A Materials and Processing Approach. New York: McGraw-Hill, Inc. ISBN: 0-07-016906-3
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1,000 ¢
T - Metals

| | andalloys | 0| _.ee=m=S .

w 2 . L1

35 : E /p
£ = )

& =100 —
B = .
8 e _."\

o - Ceramics
w10 :

9 gl

== ™ Porous

o= Composites | Ceramics

L L
g 1
o [ Wood and

"o wood products

T E
£ £
= §" 0.1
ng_ & Wlll:ﬁ U'ﬂr:smWGEI-a@h

- bk el b TR
l thnn:dgﬁﬁzzillnlnm:Lﬂlpmm G_y /p
ﬂhu-‘ L Lai L k1] L L 11 L Lil
1 10 100 1,000 10,00
< Poorstrength-  SPECIFIC STRENGTH Good strength-
to-weight ratio {k"m fkg} to-weight ratio

Adapted from J. Gregory and R. Kirchain
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s -))) Optimize Materials Selection Using Material Index

sor/ /48
€4 0 gp AR

O'y/IO

Specific
Strength

Specific E /,0

Stiffness
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Sustainable Engineering

ME 481 Fall 2023 — Mehrdad Nejhad, Trevor Sorensen, Zac Trimble, Z-Song, Bardia Konh Page 38



Sustainability — Green Materials

d Sustainability means developing engineering products and manufacturing
processes that largely use recyclable/renewable resources. - ASME

d Ways to go Green:
1 Recyclable materials (e.g., aluminum, steel, rubber, thermoplastics)
O High-yielding biomaterials (e.g., bamboo)

( Non-toxic materials and processes il Carsial
U Additional Resource: (Planet)
J Autodesk Sustainability Workshop 9e
e?
(https://www.autodesk.com/sustainabili v
ty/sustainable-design-education) Human &
Social Capital
(People)

Adapted from Dr. Chad Ulven
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SUMMARY

d Material affects design based on
J Geometric specifics
J Loading requirements
J Design constraints
] Performance objective
J Environmental conditions
Effects can be assessed analytically
Keep candidate set large as long as is feasible

Materials charts give quick overview; software can be used to more
accurately find options (e.g., Granta)

Resources for Materials Properties Data-base: “MATDAT.com” or
“MATWEB.com” etc.)

Finally remember that strategic considerations can alter best choice

L O 000
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