
Metals: direct proportionality between thermal and electrical conductivity:
λ = C · σe [C=constant]

The equation can be rewritten introducing electrical resistivity:
λ = C / ρe

Again, by applying logarithms:
Log λ = Log C – Log ρe



Best materials for ‘heat sinks’



η * E = C
η = C / E    [C=empirical constant]
leading to:
Log η = Log C – Log E

Materials for vibration damping or ‘bright’ sound



Good materials for 
vibration damping

Low mechanical
dissipation

Good for bells

Materials for vibration damping or ‘bright’ sound



Graphical selection (dual-property): materials for high speed of sound

v = C · (E / ρ)0.5

[C = material-independent constant]

The ratio E/ρ is an obvious performance index, expressed as the transmission og
mechanical waves:
I = E / ρ
Leading to:
Log I = Log E – Log ρ
Log E = Log ρ + Log I

Dual-property graph
Parellel lines for given values of v
Pay attention to the SIGN (+/-)
[Index in form of ratio: positive slope;
Index in form of product:                                                                  
negative slope]

Increasing I, 
increasing v



Increasing I, 
increasing v



Increasing I, 
increasing v



Increasing I, 
increasing v



Increasing I, 
increasing v



CES (Cambridge Engineering Selector) level 2



CES (Cambridge Engineering Selector) level 2



CES (Cambridge Engineering Selector) level 3



CES (Cambridge Engineering Selector) level 3







Optimizing stiffness (of structures)



Tie rods (pull-rods), #1: control of cross-section area

• macroscopic deformation, , defined as elongation L, by definition
equal to ·L (L is the length);

• 'Elongational' stiffness (measuring the resistance of the structure
against elongation) easily correlated to elastic modulus, according to
Hooke's law:

𝑆 =
𝐹

𝛿
=

𝐹

∆𝐿
=

𝜎∙𝐴

𝜀∙𝐿
= 𝐸 ∙

𝐴

𝐿

Let's fix a minimum value of stiffness (obviously related to a 
maximum elongation, for a given applied force F):

𝑆 ≥ 𝑆𝑚𝑖𝑛 =
𝐹

𝛿𝑚𝑎𝑥

𝐸 ∙
𝐴

𝐿
≥ 𝑆𝑚𝑖𝑛 → 𝐴 ≥ 𝑆𝑚𝑖𝑛 ∙ 𝐿 ∙

1

𝐸
→ 𝑨 ≥ 𝑭𝑺𝑨𝒓𝒆𝒂 ∙

𝟏

𝑬

At a given threshold stiffness value (Smin), or maximum deformation (max), 
the cross-section area may be reduced adopting materials with high elastic 
modulus. Elastic modulus is an index of section area 



Tie rods (pull-rods), #2: control of mass

𝑆 ≥ 𝑆𝑚𝑖𝑛 =
𝐹

𝛿𝑚𝑎𝑥

Let's express the equation according to the mass:

𝐸 ∙
𝐴

𝐿
= 𝐸 ∙

𝑚

𝜌 ∙ 𝐿2
≥ 𝑆𝑚𝑖𝑛 → 𝑚 ≥ 𝑆𝑚𝑖𝑛 ∙ 𝐿

2 ∙
𝜌

𝐸
→ 𝒎 ≥ 𝑭𝑺𝒎 ∙

𝝆

𝑬

At a given minimum stiffness, or maximum sustainable 
deformation, mass may be minimized adopting materials with high 
E/ρ ratio.This ratio is an index of mass.

𝑆𝑚𝑖𝑛 ≤
𝑚

𝐿2
∙
𝐸

𝜌
→ 𝑺𝒎𝒊𝒏 ≤ 𝑭𝑺𝑺𝒎𝒊𝒏 ∙

𝑬

𝝆
At a given mass the minimum stiffness may be increased, i.e. the 
maximum deformation may be decreased, by increasing E/ρ.



Application: Ashby’s plots
Indices represented in material property graphs

Logarithmic scales

Materials
selection for 
light stiff ties
Reduction of 

mass

Graph from CES EduPack



Graphical selection
Optimization of stiffness

Selection lines and directions

𝑰 =
𝑬

𝝆

𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔
𝑬

𝝆
= 𝐿𝑜𝑔𝐸 − 𝐿𝑜𝑔𝜌

𝐿𝑜𝑔𝐸 = 𝟏 ∙ 𝐿𝑜𝑔𝜌 + 1 ∙ 𝐿𝑜𝑔𝐼

Increasing I



Graphical selection
Optimization of stiffness

Selection lines and directions

Materials
selection for                    
light stiff ties
Reduction of 

mass



Graphical selection
Optimization of stiffness

Selection lines and directions

Materials
selection for                    
light stiff ties
Reduction of 

mass



Graphical selection
Optimization of stiffness

Selection lines and directions

Best materials

Materials
selection for 
light stiff ties
Reduction of 

mass

…some 

candidates can 

be excluded for 

excessive cost or 

brittleness

(refined selection

on ‘winners’) 



Graphical selection
Optimization of stiffness

Selection lines and directions

𝑰 =
𝑬

𝝆

𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔
𝑬

𝝆
= 𝐿𝑜𝑔𝐸 − 𝐿𝑜𝑔𝜌

𝐿𝑜𝑔𝐸 = 𝟏 ∙ 𝐿𝑜𝑔𝜌 + 1 ∙ 𝐿𝑜𝑔𝐼

Increasing I
Lightweight
alloys
equivalent
to Ti alloys
and steels

Steel offers
area 
reductions



"Some mechanics...







Mind the 
exponent 
of E!





Mind the 
exponent, 
again!



Optimization of other properties
In general:

𝑰 =
𝑬𝒏

𝝆
from which:

𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔
𝐸𝑛

𝜌
= 𝑛 ∙ 𝐿𝑜𝑔𝐸 − 𝐿𝑜𝑔𝜌

𝐿𝑜𝑔𝐸 =
𝟏

𝒏
∙ 𝐿𝑜𝑔𝜌 +

1

𝑛
∙ 𝐿𝑜𝑔𝐼

𝒎 ≥ 𝑭𝑺𝒎 ∙
𝝆

𝑬𝒏
• In many cases we are not interested at minimizing masses, but attributes that are

linearly dependent on mass
• The costs of a component, C, derives from the price (cost for unit mass), Cm, of the

adopted material:

𝐶 = 𝐶𝑚 ∙ 𝑚 → 𝐶 ≥ 𝐹𝑆𝑚 ∙
𝜌 ∙ 𝐶𝑚
𝐸𝑛

𝑰 =               =
𝑬𝒏 𝑬𝒏      

𝝆 ∙ 𝑪𝒎        𝑪𝒗
Wwhere Cv is now the cost per unit volume; a new selection graph will have 
elastic modulus against Cv.

• Similar expressions rule production energy, carbon footprint...



. st EX!t-MPLE Of 'ECO-SELFCTION' 

WHAI ABovT CNv1/lONMENT '? 
• 

fv1 IN t:, 13 MB ODI Eb ENl;RGy H ... 
. -

[Hm]: r .,__ ENE'RC: ~ -Jc_, .,._.. .M~S$ 

Hnt 19 /IVIPORYANT, Bc,T ONtt IF WE /(NOW ~Ass 
\ m ~ F S,,., . Pl = minimum m~ss e-nJ '6r clct.i.red rhfl,,es~ 

I I I REM- • f ,:;--i- OPTIM124TIO, 
n = EMBO&IE'J> = Hm. m ~ Fs"' . . ""' I 0~ EHERCH 

.,__,_ EHEJU;.y New 1N1>t-x E,. OMA~lé N(i1~~ 

e.g . t.ow E I we MA~& E" T Ml~M e 
t H JF ... Hl<.H 11 lot.v p rNA1\lltAL BASE1>l 

llh!>ACT OF ctR.WtA lt1TY P · H... Low K r1 MA--.Ell•~LS J 
I I A l ftl ~ r fC',c.t.eD AMOuà,r] \~R = "• - 1-'l\_ Pos.s.,au, lli.PLAc•111<.i 1-1-"' MAX1111nb 



C NV//U)NMENTAL INDICE5 {oF ~TIFFNEst) 

1': E" --
f. Hrr, 

Era 
um, 

! ,, " 
e ~f I [ CO,. ] : k, Go& E nu"RJ) 

f. co2. _J K, PRobUC.T 

t_ ~UNT OF Coa PE/( fJtJ IT l'lloOrlCT 

MINb 1. ltEDUGf N~ U,,. Ofl. CL)& IS NDT Ab~AIITAl;,Eou& 

&'( lt~Lf : MATElt•A,LS WITH LDIAI U'" 0/t. l.JoW Co
2 

~ ~tJ &tl)E"lteb Atm F01.. E ANb f 

2. Nm ANI) C01 MA-y BE ~blJGEb 8~ IMPUMFt.TING 

1LtO,c.L•N4 H1tUm -AH 
COi. -. :: Co" - ACO& 



Materials for oars
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Materiali 
progressivamente 

esclusi

Excluded materials





Materiali esclusi per 
ridurre le dimensioni

2nd selection: high E to 
minimize cross-section



Materiali esclusi per 
ridurre le dimensioni

Remi CFRP

CFRP oars



Mirror blanks

Approximate model: 
panel



3 orders of magnitude in Y
1 order of magnitude in X



Graphical selection
Panels: different ‘mechanical exponent’

Dramatic change of selection lines

𝑰 =
𝑬
𝟏
𝟑

𝝆

𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔
𝐸
1
3

𝜌
=
1

3
𝐿𝑜𝑔𝐸 − 𝐿𝑜𝑔𝜌

𝐿𝑜𝑔𝐸 = 𝟑 ∙ 𝐿𝑜𝑔𝜌 + 3 ∙ 𝐿𝑜𝑔𝐼

Increasing I

Light stiff panels



Graphical selection
Panels: different ‘mechanical exponent’

Dramatic change of selection lines

Materials
selection for

light stiff panels
Reduction of 

mass



Graphical selection
Panels: different ‘mechanical exponent’

Dramatic change of selection lines

Materials
selection for

light stiff panels
Reduction of 

mass



Graphical selection
Panels: different ‘mechanical exponent’

Dramatic change of selection lines

Materials
selection for

light stiff panels
Reduction of 

mass

Rigid foams

become attractive

Among rigid

foams, ceramic

foams are 

particularly

interesting (lower

CTE, higher

thermal stability

compared to 

others) 

Best 
materials



Optimum solution
Cellular solid or honeycomb (variant of cellular solid) in glass or 
glass-ceramic material with extremely low thermal expansion 
coefficient 
E.g. Schott Zerodur® glass-ceramics [www.schott.com]

http://www.schott.com/advanced_optics/english/download/schott_newsletter_ao_january_2010_en.pdf


Detailed demonstrations,
OPTIONAL
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