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PRODUCT (MATERIALS) AND PROCESS DESIGN

* Design, Product, Process
Intro * Product Design; Process Design; Product and Process Design
* Material, process, shape, properties, function

* Example
*  Fundamentals

* |dentification of needs (market; coevolution; true need)
Design * Types of design
process * Design tools
- Databases

- Analytical tools
- Simulation tools

Selection and design of materials and processes (Lughi)
* Tools for optimal systematic selection
* Design of materials: case studies (nano, meso, microstructures;
hybrid materials; composites)
* Design and optimization of chemical processes (Fermeglia)

* Advanced tools and methods (ad-hoc lectures and seminars:
FEM, product/process economics, Life Cycle Assessment, ...)

* Special topic seminars (Intellectual Property, product
evaluation, materials in industrial design, theory of scenarios,
rapid plant assessment, material selection in engines, design for
recycle, refurbish, reuse)




Progettazione di
Materiali e Processi

Modulo 1
Selezione sistematica di materiali e processi

Lecture 2

e Selection process
 Materials indexes



The selection process



The selection process

All materials

S ing: | ty limit
creening: apply property limits Innovative

< .
choices

Ranking: apply material performance indices

Subset of
MENEIS

Shortlisting: apply supporting information

Prime
candidates

Final selection: apply local conditions

Final material
choice




FUNCTIONS:

*Carry load
*Transmit load
*Transmit heat
*Transmit current
*Store energy

Properties :
* = Shape
[P Function
Material

OBJECTIVES:

*Minimize mass
*Minimize cost
*Minimize impact

Process



Function — Objectives - Constraints

Function What does the component do?
e.g.: support load, seal, transmit heat, bycicle fork, etc.

Objective What do we want to maximize (minimize)?
e.g.: minimize cost, maximize energy storage, minimize weight, etc.

Constraints What conditions must be met? (non-negotiable or negotiable)
e.g. geometry, resist a certain load, resist a certain environment, etc.

* Implicit functions (e.g. tie, beam, shaft, column)
* Constraints often translate to property limits (temperature, conductivity, cost, ...)

* Some constraints are more complex (e.g. stiffness, strength, etc.) as they are coupled
with geometry -> need of a specific objective

* Material indices help unravel such complexity



The material index



Material index

Performance =f (F, G, M)
Functional Material
requirements properties

Geometry

If separable:
Performance = f,(F) fz(G)

Material index



Index for a stiff, light tie-rod

Stiff tie of length L and minimum mass

Area A ) L
[ Constraints ] » Length L is specified

» Must have axial stiffness > S* m = mass
A= area

Equation for constraint on A: L = length
p = density

S — F _ EA . oy=yield strength
AL L

[ Objective ] Minimize mass m:
m = ALp

4

[ Performance ] m:S*LZ(Bj — Chose materials [EJ
E

metric m with largest P




Index for a stiff, light beam

Stiff beam of length L and minimum mass

Function ] Beam
[ b IF
o Square
’K section,
1 area
< L \L » A=Db?
-  Length L is specified 5
[ COMSTElE ]  Must have bending stiffness > S*
Equation for constraint on A: m = mass
> A= area
S:E: CEIZCEA L = length
& L3 12 L3 p = density

[ Objective ] Minimize mass m:
m = AlLp

|

+\1/2
Performance | - (1 2L°S j (%)
metric m C E

—

E = Young's modulus

| = second moment of area
(I = b%12 = A2/12)

C = constant (here, 48)

S = stiffness (F/d)

Chose materials E:I-/2
with largest

o



Optimized selection using charts
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Plotting indices as functions

st Mg alloys
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Index for a strong, light tie-rod

Strong tie of length L and minimum mass

Area A ) L
[ Constraints ] » Length L is specified
= Must not fail under load F m = mass
A= area
Equation for constraint on A: L= Iength
p = density
FIA < Oy oy=yield strength

[ Objective ] Minimize mass m:
m = AlLp

{

Performance m=FL | P —, Chose materials [ﬂ]
metric m Oy with largest P




Function

Tie

Beam

Shaft

Column

Material indices

Objective

Minimum cost
Max energy storage

Minimum weight

Min. environmental impact

Constraint

Stiffness
Strength
Fatigue resistance

Geometry

-

\_

Material
index:

&7 fp

~

J

-

Material
index:

c/p

~




Criteria of excellence: material indices

o Material index = combination of material properties that limit performance

e Sometimes a single property
e Sometimes a combination

} Either is a material index

Objective Constraints
minimise mass Stiffness Strength
Tension (tie) o
=) P> | B oy
: [
. I
Bendlngﬂv(beamrf : LT,
L EM2p 1| 02B3p
| |z Y
| : ':i ----------- 1
: [
Bending ; (panel) :
TN I I

Explore
these!

Remember
this
one too!



Minimum weight design

Tensile ties

%)

: Main spar
Compression _beam
strut
£1/2 [ﬂ}
= ‘
Undercarriage-
compression
E = Young’s modulus 2/3
p = Density (G)‘l) J
Oy = Yield strength




Criteria of excellence: material indices

o Material index = combination of material properties that limit performance

e Sometimes a single property

_ o Either is a material index
e Sometimes a combination

Objective Constraints Material cost/kg

minimise cost Stiffness Strength
Tension (tie)
1
<J:® )ZI> E oy/Cyhp

Bendingn(beam}

EY2/Cpp 023/Cpnp

Bending ; (panel)
<&




Minimum cost design

1/2
Structural | Oy Structural 0'32//3

beam

e
“'I"";s .
RS L

PE———————— e -

C,, = Material cost / kg

Compression Sy
strut (column) \C,P

P = Density

Oy = Yield strength




What if we change the free variable?



Tables

Table 7.1 Moments of areas of sections for common shapes

Section Shape A(m?) I (m*) K(m*) Z(m?)
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Tables

Elastic bending of beams

+
—
%) I

Gy

3

48

192

384

C;

24

o=

5]

FP M
T CEl T CiEI

Fi*  ME
= CEl T CEl

E = Young's modulus (N/m?)
& = deflection {m)
F = force (N)
M = moment (Nm)
£ = length (m)
b = width (m)
t = depth (m)
& = end slope (=)
I = see Table 2 (m*)
y = distance from N.A. (m)
R = radius of curvature (m)
o _M_E

¥y I R

Failure of beams and panels

N

= Plasticity

*F

*f
oN

N

7/

F
A% ¥ 1 1 ¥ 1 VW7

7
%

Z|

7

M¢= (i) & (Onset)

i

M ; = Hoy, (Full plasticity)

®
Fr=C (;m) ‘1 (Onset)
H
Fip= ¢ Eo" (Full plasticity)

M ; = failure moment (Nmj)
F¢ = force at failure (N}

£ = length (m)
f = depth (m)
b = width {m)

I = see Table 2 (m")

i .
— = see Table 2 (m*)
J?m

H = see Table 2 (m*)

7, = yield strength (N/m®)

oy = modulus of rupture (N/m?)
o = oy, (plastic material)

= o (brittle material)



Tables

Buckling of columns and plates

|--—-——J!——"—I-1 n

nix
82

3 ﬂ F or
12 »
@ F(_;iil'l' - F‘AEJ‘TEE

Fegr =

2El

. A (R
]
M = moment (Nm)
£ E = Young’s modulus (N/m?)

£ = length (m)

A = section area (m?)

- I = see Table 2 (m*)
i3 12
r = gyration rad. (A)

~ p' = pressure (N/m”)

(m})

%\_/—@ F I = foundation stiffness (N/m?)
—— 2

n = half-wavelengths in buckled shape

F
D{j\/ y T El

me:T_

MZ
4ET

i n?mEl
P Ferr = —5

P ’— 3EI

PEZRlT = W

ke
n?

Torsion of shafts

(¢ B
G

ETC

C T

Fracture:
[T

&0

Elastic deflection

Failure

Tr= % {Onset of yield)
0

Ty (Brittle fracture)

_ EKI:J_;'
= do

T = torque (Nm)
¢ = angle of twist
G = shear modulus (N/m?)
£ = length (m)
d = diameter {m)
K = see Table 1 (m*)
@, = yield strength (N/m®)

oy = modulus of rupture (N/m?)

Spring deflection and failure

’7 - 64FR*n
= - Ga*

7 doy
| Fi=— =
‘ =32 R
F = force (N)

i = deflection (m)
R = coil radius (m)

i = number of turns



Tables

Static and spinning discs

'-—-—25'——--1

Simple
3 ,. ApR*
5=
3 _ApR®
Tnax = 5(3 -_1") 5]
Clamped
3 .. ApR*
i= 36 V)
! 3 A pR?
T = S‘(l + ) 2

§ = deflection {m)
E = Young's modulus {N/m}
A p = pressure diff. (N/m)

v = Poisson’s ratio

Disc
= gpmﬂm
Tmax = %[3 + U}MERE
Ring

U= mpra Rox

T, = PR

u = energy (J)
w = angular vel. (rad/s)

o = density kg/m?

Contact stresses

i

- 2y~

o, OIS
‘\::f;:'ah'. ,I_"* . v’
SEERY AT
VL aATR Il

Flow Flald

3iF RR )1*'3
(E.F?I[R1+R'1}

9 F (R +R\"
16 (E*R RR;

RiR;
E\E;

L

3F
2ma?
F
2rat
F
6ma?

(0 Jnax =

LAy——

(7 Jnaxe =

radii of spheres (m)
modulii of spheres (N/m?)
Poisson’s ratios

load (N)

radius of contact (m)

displacement (m)
stresses (N/m?)
yield stress (N/m?)




Tables

Estimates for stress concentrations Sharp cracks
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F = force (N) '
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” .
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- ] ¢ = radius of curvature {m}) a a 1.1 (a<<w) F =load (N}
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. ] E]
o == (1.5 (tension) 2w T-ajw - a = crack half-length
,° w 7= 2.0 (torsion) "—"r I ; ' = surface crack length {m)
w_—i_ y ’ 1 w = half-width (centre) (m)
. ) R = width (edge crack) (m)
nj_ — Ir = sample depth (m)
¢ 1.1{1-0.2 a/w) _ .
* —aim) t = beam thickness (m)
o N T — I I = point load on crack face:
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Tables

Pressure vessels

Thin Walled

AN FT’T@
Wbot o 4

o 5 —

Thick Walled

28 2b

b

Cylinder
2
T
Or = _p},r'z
¥, = ;J_h (closed ends)
= lt B
Sphere
pb
W=0= 5
T =-—p/2

p = pressure (N/m?)
r = wall thickness (m)
a = inner radius (m)
b = outer radius {m)

» = radial coordinate (m)

U_mz B2 — 2
L R A

- opat (B
o= \ra

Vibrating beams, tubes and discs

|-_£-—-—-—-I-+
-.-.--'
_-—"'-'--
- J
A

3.52

8.87

b.87

2,68

2.94

Beams, tubes

e I,'r T

1= 2\ ol

f = natural frequency (s~}
g = pA = mass/length (kg/m)

p = density (kg/m*)

A = gection area (m?)

I = see Table Al

{ with A = 2R
I = aR
o
ithd = —
{ . 12
Discs
|
= C | Ef

h= Ve = o

my = pt = mass/area (kg/m®)
{ = thickness (m)
R = radius (m)

v = Poisson’s ratio



Tables

Creep and creep fracture

- =
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Area A
g, Tube
A, Sphere

IU’

Flow of heat and matter
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= — u—n"
2= (1= ) I
3 dpe — Pe})" Qim?s |
* 2n ap
. e, 1 h
r R
]
o = stress N/m?
. e
F = force (N)
0= displacement rates (m/s)
H, &g, O = creep constants N N
£, b, t = beam dimensions (im) o
a, b = radii of pressure vessels (m) n e T
b] _ aj
o = relative density, 7 L e W
C}, Cz = constants Y L S P

dr
= =iVl = -1—
Q=-2 e

= heat flux (J/m®s)

T = temperature {(K)

x = distance (m)

& = thermal conductivity (W/mK)

aT #T

—_— = 2 =g—

a T.JV T=a_-
I = time (8)

p = density (kg/m®)
C = specific heat (J/m’K)

A
a = thermal diffusivity, — (m%/s)
pe

Q=hnT, — T.;,)J

T, = surface temperature (K)

T = fluid temperature (K)

h = heat transfer coeff. (W/m?K)
= 5-50 W/m’K in air
= 1000-5000 W/m*K in water

0 = eo(T] — Ty)

£ = emissivity (1 for black body)
o = Stefan constant
= 5.67 % 107° WmK*



Tables

Solutions for diffusion equations

Steady state

1-0 S—
” - —
n i | AT =0
~
DVRC =0

AT(x)=Ax+ B(1 — D)
AT(¥) = Anr + B2 — D)

T e
T.
" ! AT(ry = Afr + B(3 = 1)) eic.
A, B = constants of integration
=2 x = linear distance (m)

2-0

T r = radial distance {m)
' Transient
T Ty T o
ar 1
O —————— Q - VT
t=0 ai
i o
— = N
ar

A 2
Tlx, )= J_a_.f EXp — (:E) + B

T(x, 1) =A (1-| erf (Zjﬁ)) +B

T'(x, 1) = Asin ix, exp —i’ar etc.




Table B1 Stiffness-limited design at minimum mass (cost, energy, environmental
impact*}

Function and constraints* Maximizer
T‘ie (tensile strut)

stiffness, length specified; section area free Efp
Shafi (loaded in torsion)

sliffness, length, shape specified, section area free G2
stiffness, length, outer radius specified; wall thickness free Gip
stiffness, length, wall-thickness specified; outer radius free G
Beam (loaded in bending)

stiffness, length, shape specified; section area free EViig
stifiness, length, height specified; width free Eflp
stifiness, length, width specified; height free EVp
Column {compression strut, failure by elastic buckling)

buckling load, length, shape specified; section area free EYn
Panel (flat plate, loaded in bending)

stiffness, length, widih specified, thickness free EW¢n
Plate (flat plate, compressed in-plane, buckling failure)

collapse load, length and width specified, thickness free EW3pn
Cylinder with internal pressure

elastic distortion, pressure and radius specified; wall thickness free Efp

Spherical shell with internal pressure
elastic distortion, pressure and radius specified, wall thickness free Ej(l —u)p

*To minimize cost, use the above criteria for minimurn weight, replacing density o by T,
where Oy is the material cost per kg, To minimize energy content, use the shove criteria for
mimiradim weight replacing density o by go where g is the energy content per kg. To minimize
environmental impact, replace density g by £,p0 instead, where [, is the eco-indicator value for
the material (references [1] and [4]). .

'E = Young's modulus for tension, the flexural modulus for bending or buckling; G = shear
medulus; o = density, § = energy content’kg; [, = eco-indicator value/kg,

Table B7 Elactro-mechanical design

Function and constraints Maximize®
Bus bars

minimum life-cost; high current conductor 1/ ppChy
Electro-magnel windings

maximum short-pulse field; no mechanical failure oy
maximize field and pulse-length, limit on temperature rise C Lo/
Windings, high-speed electric motors

maximum rotational speed; no fatigue failure T f Ba
minimum ohmic losses; no fatigne failure 1/ pe
Relay arms .
minimum response time; no fatigne failure o /Ep,
minimum ohmic losses; no fatigus failure o Ep,

*( = material costkg; E = Young's modulus; p = density; p, = electrical resist-
ivity; oy = yield strength; o, = endurance limit,

Table B2 Strength-limited design at minimum mass (cost, energy, environ-
mental impact*)

Function and constraints* Maximize*
Tie (tensile strut) '
stifiness, length specified; section area free opfp
Shaft (loaded in torsion) _ _
loagd, length, shape specified, section area free e:r}”m
load, length, outer radius specified; wall thickness free wefp
load, length, wall-thickness specified; outer radius free -cr}“:,."p
Beam (loaded in bending)

load, length, shape specified; section srea free d}'ﬂfﬂ
load Tength, height specified; width free ayfp
load, length, width specified; height free o/ /e
Column (compression strut)

load, length, shape specified; section area free apfp
Panel (flat plate, loaded in bending)

stiffness, length, width specified, thickness free n},ﬁ o
Plate (flat plate, compressed in-plane, buckling failure)

collapse load, length and width specified, thickness free n'jrﬂ,-',a
Cylinder with internal pressure

elastic distortion, pressure and radius specified; wall thickness free opfp
Spherical shell with internal pressure

elastic distortion, pressure and radins specified, wall thickness free oefp
Flywheels, rotating discs

Mmaximum energy storage per unit volume; given velocity el
MAXIMUMm energy storage per unit mass; no failore o fp

*To minimize cost, use the sbove criterda for minimum weight, replacing density o by Cup,
where Oy iz the material cost per k2. To minimize energy content, use the above critena for
minimum weight replacing density o by gg where g is the energy content per kg, To minimize
environmental impact, replace density o by l.p instead, where [, is the eco-indicator valoe for
?u: material {references [1] and [4]). ,

"oy = failure strength (the yield strength for metals and ductile polymers, the ensile strength
fior ceramics, glasses and brittle polymers loaded in tension; the flexoral strength or modulus
of rupture for materials loaded in bending); o = density.

$For design for infinite fatigoe life, replace o by the endurance limit o,



Tables

Table B3 Strength-limited design: springs, hinges efc. for maximum
performance*

Table B5 Damage-tolerant design

Function and constraints™F Maximize
Springs

maximum stored elastic energy per unit volume; no failure o';F,.I'E
maximum stored elastic energy per unit mass: no failure or/Ep
Elastic hinges

rading of bend to be minimized (max flexibility without failure) o5 /E
Knife edges, pivotls ""}r JE? and
minimum contact area, maximum bearing load H
Compression seals and gaskeis a_":-'m,.l’}-'.' and
maximum conformability; limit on contact pressure 1/E
Diaphragms

maximum deflection under specified pressure or force a‘!.-ﬁ,-"E

Rotating drums and centrifuges
maximum angular velocity; radius fixed; wall thickness free opfp

*To minimize cost, use the above criteria for minimum weight, replacing density o by
o, where O is the material cost per kg, To minifmize eperpy content, use the above

Function and consiraints Maximize®
Ties (tensile member)

Maximire faw tolerance and strength, load-controlled design Ky and oy
Maximize flaw tolerance and strength, displacement-control K. /E and oy
Maximize flaw tolerance and strength, energy-control K} JE and o
Shafts {(loaded in torsion)

Maximize flaw tolerance and strength, load-controlled design Ky and o
Maximize flaw tolerance and strength, displacement-control Ky /E and oy
Maximize flaw tolerance and strength, energy-control K3 JE and oy
Beams (loaded in bending)

Maximize flaw tolerance and strength, load-controlled design K;. and oy
Maximize flaw tolerance and strength, displacement-control Ky /E and o
Maximize faw tolerance and strength, energy-control K}.__,I’E and oy
Pressure vessel

Yield-hefore-hreak Kiefoy
Leak-hefore-hreak Kifog

*Kre = fracture wughtess; E = Young's modulus; ey = failure strength (the yield strength
for metals and doctile polymers, the tensile strength for ceramics, glasses and brittle polymers
loaded in tension; the flexural strength or modulus of rupure for materials loaded in bending).

criteria for minimum weight replacing density o by go where g is the energy content per
kg To minimize environmental impact, replace density p by T.p instead, where I, is the
eco-indicator velue for the material (references [1] and [4]).

Ta_r = failure strength (the vield strength for metals and ductile polymers, the ensile strength -
for ceramics, glasses and brittle polymers loaded in tension; the flexural sirength or modulus Function and constraints Maximize®
of rupture for materials loaded in bending); o = density; H = hardness,

¥For design for infinite fatigue life, replace o by the endurance limit o,

Table B6 Thermal and thermo-mechanical design

Thermal insulation materials

minimum heat flux at steady state; thickness specified 1/A
minimum temp rise in specified time; thickness specified 1/a = pC /A
Table B4 Vibration-limited design minimize total energy consumed in thermal cycle (kilns, etc) Safh =/ 1/ApC,
Function and consirainis Maximize® Thermal storage materials
- maximum energy stored/unit material cost (storage heaters) CpfCu
es, columns aximiz red for gi ature rise and ti A= hpC
maximum longitudinal vibration frequencies Eip MAXIMIZe SNergy 510 OF given lempemiire nise and tme fva il
Precizion devices
Beams, all dimessions prescribed X minimize thermal distortion for given heat flux e
maximum flexural vibration frequencies Elp
Beams, length and stiffness prescribed Thermal shock resistance o fEa
maximum flexural vibration frequencies EVp maximum change in surface temperature; no failure
Panels, all dimensions prescribed Heat sinks
maximum flexural vibration frequencies Ejp maximum heat flux per unit volume; expansion limited AJ A
Panels, length, width and stiffness prescribed maximum heat flux per unit mass; expansion limited A oA
maximum flexural vibration frequencies E?
e ) /e Heat exchangers (pressure-limited)
Ties, columns, beams, panels, stiffness prescribed maximum heat flux per unit arca; no failure under A p Ao
minimum longitudinal excitation from external drivers, ties nEfp maximum heat flux per unit mass; no failore under A p Ay
minimmum flexural excitation from external drivers, beams nE' 2 p - -
minimum flexural excitation from external drivers, panels nEY? *h = thermal conductivity; @ = thermal diffusivity; Cp = specific heat capacity; Cy, = material

coalkE, Tpax = Maximum service temperature; o = thermal expansion coeff; E = Young's
modulus; o= density; oy = failore strength (the yield strength for metals and ductile polymers,

TE = Young's modulus for tension, the flexural modulus for bending; & = shear
the tensile strength for ceramics, glasses and britfle polymers).

modulus; o = density; 7 = damping coefficient (loss cosfficient).



