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Empowerment: Bridging Theory to Practice

The «<Empowerment» seminar provides young, motivated, brilliant students to explore their potential to become entreprencurs

Trieste 13 Dicembre 2017
2PM — 6PM Aula 3B H2bis
Relatore dott. Giovanni Loser

“Failure is not going to kill you, but not trying is worse than anything you can imagine.”
Seth Godin (TED Conference, Monterey California (USA ), March 7-10, 2007)
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Rear Lamp Development and Production
Seminar: ROBUST DESIGN - TAGUCHI METHODS

Application on injection molding, simulation and trials
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Designing new materials



Outline

Holes in material property space

History of hole-filling

Fundamental limits

Hybrid materials as a way forward

Resources

« “Materials Selection in Mechanical Design”, 4" edition by M.F. Ashby,
Butterworth Heinemann, Oxford, 2011, Chapters 11 and 12.



Material-property space: E and p
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Material-property space: E and p

Steels!
; Ni alloys
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Material-property space: a and A
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Strength, o (MPa)

The evolution of structural materials
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Strength, o; (MPa)

Boundaries of material property space
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Filling holes: hybridization
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Hybrids or “multi-materials”

“A hybrid material is a combination of two or more materials in a pre-determined
configuration and scale, optimally serving a specific engineering purpose”

Steels
Cast Irons
Al-alloys
Metals
Cu-alloys
Zn-alloys
ﬂ-allnys PE, PP, PET,
Aluminas PC, PS5, PEEK
Sllicon carbides PA (nylons)
Ceramics Sl Polymers
sili Itrid Sandwiches Polyest
con nitrides . esters
Zirconlas HYb Il d S Phenolics
Cellular structures Epoxles
Segmented
structures,
Isoprene
Soda glass Neopreneg
Borosilicate glass Butyl rubber
Glasses Elastomers
Silica glass MNatural rubber
Glass-ceramics Sllicones
EVA

Kromm et al, 2002

Design variables:

= Choice of materials

Volume fractions

Configuration

Connectivity

Scale
\ y

The hybrid synthesizer

= Explore configurations, with free
material choice

= Explore structured-structures

= A shell: insert models for other

kconfigurations




Designing hybrid materials

Three parallel approaches

= Materials — relate properties to microstructure:
controlled nature, scale through alloy design and
processing.

= Mechanics — accept properties as “given”,
optimise the geometry

T \‘*ﬁhg\ = Textile technology — exploit unique strength
' '?(\tfi%’&"”?‘ and blending properties of fibers
SN J Prop
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Combining textile technology, mechanics and material
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(a) Simple weave

(b) 3-dimensional weaving (c) The kagome weave



Architected Cellular Materials
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Schaedler TA, Carter WB. 2016.
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Architected Cellular Materials

Ce"‘flar None Random Ordered Ordered and ,
architecture location specific
Pronerties Continuous and Homogeneous Homogeneous and Inhomogeneous and
P homogeneous at scales > cell highly anisotropic highly anisotropic
Design Bl coratittant Solid constituent, Cell size/shape, node
degrees of Solid constituent . ’ cell size, and topology, ligament
cell size . : :
freedom orientation shape, material...

/ﬁ Schaedler TA, Carter WB. 2016.
Annu. Rev. Mater. Res. 46:187-210




Material-property space: E and p
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Foams and micro-lattices

Polymer foams

Bending-dominated
micro-lattices

Stretch-dominated
micro-lattices




Modulus (GPa)

Architected Cellular Materials for Enhancing E/p

Foams vs Trusses = Bending-dominated vs Stretch-dominated structures

Stretch-dominated behavior
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Architected Cellular Materials for Enhancing E/p

Best performing materials

J. B. Berger, H. N. G. Wadley & R. M. McMeeking,
Mechanical metamaterials at the theoretical limit of isotropic
elastic stiffness, Nature 543, 533-537 (2017)

_ Hashin-Shtrikman upper bound, Cubic foam  « Cubic + octet foam, t /t, = 8V3/9 . Quasi-random foam

. vg=0.3 = Octet foam = Octet truss + Isotropic truss
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The elastic stiffness of the six material geometries, characterized by E, G and K—the Young's, shear and bulk modulus, respectively (data points); results are
fitted to third-order polynomials (solid lines). The theoretical Hashin-Shtrikman upper bounds for isotropic stiffness are plotted for each modulus (red dashed
line). Only anisotropic materials can have stiffnesses in excess of these upper bounds. Open-cell materials (<" and '+’ symbols) underperform closed-cell
materials by a large margin.



Bending and stretch dominated structures

Pin-jointed frame with b bars and J jOintS e Lock joints iINn a mechanism prevents

Number of Force E rotation, deformation by bending

joints = \

Number of

bars =b . Lock joints in a structure -
Statically determinate stretching still dominates
0 degrees of freedom 1
O states of self-stress

Condition for stretch dominance

M=Db-2+3=0 2-dimensions

M=Db-3j+6=0 3-dimensions



Micro-trusses
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Nusselt number/friction factor
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Functionality Enabled by Architecture
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Material-property space: a and A
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Configuration: controlling expansion
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Segmented structures

Segments Load — deflection response
A A |
Assemble, compressive
boundary conditions
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Advanced Cellular Design

CFRP truss (15)

Nickel microlattice (12)
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Optimizing Structural Topology

Designer specifications

» Material(s)
@AVoid [OAluminum alloy [ Stainless steel
O Titanium

- Objective function
@ Minimum mass [0 Maximum effective property
O Target effective property

- Constraints
& Mechanical properties
= Elastic symmetry O Orthotropic O Cubic
[@ Isotropic
= Allowable moduli

Min Value Max Value
Bulk modulus @ 10GPa O N&A
Young's modulus 0O (]
Shear modulus 0O A O

2 Fluid flow properties
= Fluid permeability symmetry [ Isotropic
= Allowable property

Min Value
Fluid permeability @

Max Value
3x10°m? 0O
0O Thermal conduction properties
@ Manufacturing properties
= Allowable property

Min Value
Feature size B2

Max Value
200 pm O

Input

Optimized
solution
Volume fraction = 25% Periodic
Density = 2 g/cm? material

Topology optimization engine & T Vot B e
A ; i Output Manufacturing G & o o’ s o

« Unit cell and upscaling analysis >

« Sensitivity analysis

ORI

. Optimization algorithm — |
P g 785 < 8
V“
Fluid
Fluid streamlines
streamlines through

center pore

Annu. Rev. Mater. Res. 2016. 46:211-33



Finite Element Modeling for Topology Optimization

pe=0.00

Annu. Rev. Mater. Res. 2016. 46:211-33



Example of Topology Optimization

Maximum Stiffness vs Minimum Density

Bulk modulus (1/E,)
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0.4

e Hashin-Shtrikman

= Hashin-Shtrikman

Stochastic

upper bound

lower bound

0.2 0.3 04 0.5 0.6
Volume fraction

0.7

08 09 1.0

Annu. Rev. Mater. Res. 2016. 46:211-33



Additive Manufacturing (AM)

A convenient way to fabricate components with complex structural topologies




Additive Manufacturing (AM)

A convenient way to fabricate components with complex structural topologies

Traditional manufacturing process Additive Manufacturing

11 bars almost no cost increase !

b | 11 bars
b : 2 bars 1 bar

CosT
—
o
a1
=

COsT

-

4

—e

Pareto-optimal -
\ Pareto-optimal
solutions

solutions

COMPLIANCE COMPLIANCE



Complex, Light Topologies

Using AM + Thin film deposition techniques

Solid removable
template

Additive
manufacturing
Electroless | Polymer Polymer Polymer Polymer
plating | etch ALD etch cvD etch PVD etch
Nanocrystalline nickel Silicon dioxide Poly(p-xylylene) Parylene® Gold

3mm 1cm 5mm



So what?

= Multi-dimensional material-property space

* Only part-filled by monolithic materials

* True of mechanical, thermal, electrical, magnetic and optical
properties

= Material development strategies

* Classical (classical alloy development, polymer chemistry....)
* “Nano” (sub-micron) scale (exploiting scale-dependence of properties)
* Hybridization (exploiting materials, configuration and connectivity)

" The strategy:

* Map out the filled areas

* Explore the ultimate boundaries

* Explore ways of filling the empty space.

* Hybrids, exploiting potential of novel configurations, have potential for this



The Hybrids Synthesizer:
a tool for design and
dissemination



Outline

= Holes in material-property space
= Hybrids materials — expanding the filled space

= Examplel — cellular materials

= Example 2 — sandwich structures

= New developments — Multi-layers

Resources
Text: “Materials Selection in Mechanical Design”, 4™ edition by M.F. Ashby, Butterworth
Heinemann, Oxford, 2011, Chapters 11 - 12.
White paper “The hybrid synthesizer” , available from CES EduPack Help file
Software: CES EduPack Hybrids synthesizer tool (Grantadesign.com)

“Hybrid synthesizer — Model writer’s guide” for CES Selector users (Grantadesign.com)




Modulus and Density
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Strength - Density
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Hybrid materials

Steels
Cast Irons
Al-alloys
Metals
Cu-alloys
Zn-alloys
Ti-alloys PE, PP, PET,
Aluminas PC, PS, PEEK
Silicon carbides PA (nylons)
Ceramics Composites Polymers
sili Itric Sandwiches Polyest
con nitrides . esters
Zirconlas Hyb rl d S Phenalics
Cellular structures Epoxies
Segmented
structures,
Isoprene
Soda glass MNeopreng
Borosilicate glass Butyl rubber
Glasses Elastomers
Sllica glass Natural rubber
Glass-ceramics Silicones

EVA

Design variables:

! = Choice of materials )
= Volume fractions
= Configuration
= Connectivity
= Scale
L J

The hybrid synthesizer

7

\

\
= Explore configurations, with free
material choice

= Explore structured-structures

= A shell: insert models for other
configurations




Configurations and equivalent properties

Foams and 1 [- . \
Lattice structures o =

Sandwich
structures

Composite
structures

Equivalent properties =

Material properties of a
monolithic material with
the same mechanical,
thermal and electrical
response.



What the synthesizer does

CES retrieves models for

Physical properties
Equivalent density, p

Mechanical properties
Equivalent Young’s modulus E, shear modulus G, bulk modulus K, flexural modulus E;,
Yield strength oy, compressive strength g, tensile strength Oy, flexural strength Oy,

Fracture toughness K,

Thermal properties

Thermal conductivity A, expansion coefficient a and specific heat C,

Electrical properties

Resistivity p,, dielectric constant &, and dielectric loss tangent D



Foam and lattice models

. : Triangulated
Configurations

: cell faces
- :
Foam cell
F
ra
Mechanical
response
T
T
Elastic deformation Plastic collapse Cell edge buckling Cell edge fracture

Plus thermal and electrical properties



Typical record

Al 6061 Foam (0.1)

General properties
Density
Relative density

Mechanical properties
Young's modulus

Flexural modulus

Shear modulus

Bulk modulus

Poisson's ratio

Yield strength (elastic limit)
Tensile strength
Compressive strength
Flexural strength

Fracture toughness

Thermal properties
Thermal conductivity

Specific heat capacity
Thermal expansion coefficient

Electrical properties
Electrical resistivity

Notes

110
0.037

1.3
1.3
0.5
1.3
0.33
4.7
6.3
4.7
6.3
0.88

2.1
920
15

230

1.4
1.4
0.51
1.4
5.1
5.1

1.2

2.2
940

kg/m”3

GPa
GPa
GPa
GPa

MPa
MPa
MPa
MPa
MPa.m”™0.5

W/m.°C
J/kg.°C
pstrain/°C

pohm.cm

Source Materials: Bulk material = Al-20%SiC(p), powder product



The Hybrid-material synthesizer

=:| Browse ﬁ Search ;E;J.;" 5E|EC|Z[ '_f_'“) Tools v‘p Eco Audit

# =earch Web ‘ % Help =

) - > 4

Add record
Eco Audit

Choice of configuration

Synthesizer Select:

Configuration

Materials

riangulated lattices

Control parameters

Faces:material 1

Sandwich structures Click “Create”

= Symmetric sandwiches Sl

caga) Composites
= Unidirectional TN ©oe ° e

o = Quasi-isotropic
= Particulate

4



Exploring metal foams - inputs

Source material
Bulk material

Model variables

Aluminum 20% SiC (p)

Browse

Ceramic

Number of densities 15 5 B Meta
E=l Aluminum matrix

Relative density range | 2 | - |35| %

Model

Pre

OHFHHBHFEH

o E ey

Alumina

Aluminum nitride

| framid

Boran

Carbon

Ircn

Silicon carbide

Fiber reinforced
Particulaks reinforced

Browse

Y

> flx

B 21{2124)-20%:5iC(p) MMC powder preduct
B 21{308%)-20%5iC(p) MMC powder product
B nl-11%6=ic(p), powder product

B al-12%5icp)

B 21-12.5%:5iC(p), powder product
B 2l-17%5ic(p), powder product, T351 (AMC217-xa)
B al-17%6sic(p),powdser product, T4 (AMC217-x2)

C217-xe)

[ T H
&l-20%5iC(p), powder product =




Young's modulus (GPa)

Aluminum SIC composite foams
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The Hybrid-material synthesizer
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Young's modulus (GPa)

Aluminum SIC composite foams
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Young's modulus (GPa)

Lattices expand material property space
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Sandwich panel models

Faces: material A [d
t
COnfiguration IC Core: material B b/
t
- L - / Collapse response
- P
Elastic response +
+P
A AN
-1 L -
AN
- L -
= @ a Face yield Za
A A
Bending
— ﬂ A Face buckling A
k A S O\
Core shear A A

Core failure

Plus thermal and electrical properties



Sandwich panels - inputs

@ndwich pan@

Source material

Face sheet Aluminum 6061 T4 Browse
Core PVC cros x|
Magnetic ;I
Model variables x|
=l Polymer foams, rigid :I

Face-sheet thickness E

Core thickness - E

Model parameters

Support and load condis

0 FH FH H

Span 3

m

Model

Phenalic
Polycarbonate
Polyethersulfone
Palymethacrylimide
Polystyrens
Paolyvinylchloride

—

B PVC cross-linked foam (rigid, dlosed cell, AC 0.040)
B PvC cross-linked foam (rigid, closed cell, AC 0.055)
B pvC cross-linked foam (rigid, dosed cell, AC 0.065)

[B] PvC cross-linked foam (rigid, dosed cell, AC 0.075)

B PVC cross-linked foam (rigid, closed cell, AC 0.050) ll

3

Ok Cancel
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Flexural modulus (GPa)

Criterion of
excellence

Slope 3

Stiff sandwich panels
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Sandwiches expand material property space

Flexural modulus (GPa)

Criterion of
excellence

Slope 3
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Flexural strength (modulus of rupture) (MPa)

Criterion of
excellence
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Strong sandwich panels
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Flexural modulus (GPa)

Lattice cored sandwich panels
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Structures expand material property space

Flexural modulus (GPa)
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So what?

The synthesizer allows
Display of potential properties of novel material combinations
Testing and deploying of models for “architectured” materials
Direct comparison with the standard materials of engineering
Exploration of structured-structures

This is a first generation tool — models very simple

Welcome ideas for refining it.
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