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siness case for AM
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evolution

A 3D Printing in
Supply Chain

Industrial 3D
Printing

13D Printing in the
marine industry

3D Printing for
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Oil and Gas

3D Printing in
Manufacturing
Operations

Enterprise 3D
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3D Printing for
prosthetics industry
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rosthetics industry

* Prototyping

e Serial production of
prosthetics parts with
complex shapes

Lima Corporate, Italy
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* Prototyping

* Production

* Major drivers:
* Weight reduction

 Lead time reduction
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evolution
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n the maritime industry

Quick availability of spare parts
(on-board or in-port manufacturing capability,

avoid large stock)

Fast prototyping for hydrodynamic studies
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AM benefit score
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-erest for AM in maritime applications
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ing interest for AM
e Manufacturing Industry

=
=
FEATURES =

THE OFFICIAL MAGAZINE OF THE VALVE MANUFACTURERS ASSOCIATION OF AME

Additive Manufacturing: Will It Change the Valve =
i VALVE:
26 May 2015 Wntten by Arie Bregman and Kate Kunkel E

THE OFFICIAL MAGAZINE OF THE VALVE MANUFACTURERS ASSOCIATION OF AMERICA

3D Printing: A New Era for Valve Manufacturing?

05 Jul 2016 Written by Kate Kunkel

A 75 0 L e R
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[ Email 10 a Friend

HOME  ABOUT -  WHATSNEW  PRODUCTS -  CAPABILITIES -  PORTFOLIO -

EMERSON OPENS SECOND ADDITIVE MANUFACTURING CENTER

G AOED 30 PRINTING FOR VALVE MANUFACTURERS

With th | of ing i tion to add t " engineering design chall d lerati dt ket f
i e goal of spurring innovation to address customers’ engineering design challenges and accelerating speed to market for Posted on December 16, 2016 at 244 pm
new, rigorously-tested products, Emerson opened an advanced additive manufacturing center at its Singapore campus. More...

ADDITIVE MANUFACTURING REVOLUTIONIZES VALVE PRODUCTION

3D printing falls into the category of additive (as opposed to fraditional subtractive) manufacturing. A
trending technique for scientists, engineers and hobbyists alike, 3D printing has revolutionized everything
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VM industry
for better design

Hydraulic Valve Block Re-Design

(VTT Finland)

76% mass reduction

#m . UNIVERSITA
" DEGLI STUDI DI TRIESTE

Dipartimento di Ingegneria e Architettura



in the VM industry
ortunty for better design

Hydraulic Manyfold Re-Design

J. Mech. Design 137, 111404-1 (2015)

60% weight reduction
53% max heigth reduction
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Materials

Structures
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Imits and Challenges

* Size

e Cost (capital, materials)

e Surface finish

* Maturity of design engineers

* Intellectual Property and Liability
* Materials

* Qualification and Certification

“The single biggest obstacle to widespread use of AM parts for structurally
critical components are the cost and time associated with qualification and
certification”

- William E. Frazier, US Naval Air Systems Command -
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Issues
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M processes

Directed
energy source

Powder nozzle
(powder blown)
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ange of AM processes

Metal Additive
Manufacturing Processes

1 1 1
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Selective Laser Melting

focus lenses

- laser beam

guarantee reliability and
metallic AM components

Electron Beam Melting

........ laser £ 2 Electron beam column
‘”’W
% c c ‘/ moving mirror Electenbearn
4....‘....4..........2
manufactured --;
tool to smoothen the metalpart : metal powder bed

Metal powder supply

Built parts

Support structure

working chamber ...

powder supply =+ floor of working chamber powder feed supply .-
can be lowered step by step
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Build envelope
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e of materials for AM

— Titanium (pure, Al-V alloy, ...)

— Steels (including stainless)

— Ni-Cr alloys (e.g. Inconel)

— Aluminum and aluminum alloys
— Cobalt-chrome alloys

— Copper and bronze

— lron

— Precious metals
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cture, geometry

Properties
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S, process, structure, geometry in AM

Materials and Process Process Material Material
Key Parameters Physical Parameters Characteristics Properties

* Powder morphology, * Thermal gradients * Morphology * Tensile

size, distribution e Liquid-solid - T strength
* Power, P interface velocity SR T * Elongation
* Scan speed, v * Pool melt size « Composition * Toughness
* Scan pattern Materials science approach * Hardness
* Track spacing, h S
* Powder layer

thickness, t Esy = P/vht : :

Engineering Approach

* Spot diameter, d E yp = P/vd

 Powder feed rate

* Correlations are complex, strongly coupled, still sporadically explored

* The science of fusion welding, solid-state welding, and powder metallurgy help in
understanding the mechanisms that control microstructure in AM
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Microstructure of AM metals
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cture of AM metals

Macro-level microstructural features
e Material and microstructureal discontinuities
e Residual stresses

* Texture

Micro-level microstructural features
e Grain size and morphology

* Phases

Process-induced effects on composition
e Bulk compositional variation

* Nonequilibrium partitioning
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of AM metals

Macro-level microstructural features: Material and microstructural discontinuities

Examples of insufficient energy Examples of excess energy
(porosity and lack of fusion) (balling and hot tears) Examples of fish scaling

Balling effects

ot
400 mm/s
|

NG\

\ S
a . 4

Annu. Rev. Mater. Res. 2016.46:63-91
Note: A minimum of energy is required for fully dense material; however this can be incompatible with
certain microstructures or phases!
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ture of AM metals

Macro-level microstructural features: Residual Stress
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ure of AM metals

Macro-level microstructural features: Residual Stress




ture of AM metals

Macro-level microstructural features: Texture

L
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Tsalidus =~ lliquidus
S|L Planar
G' equilibrium
o E E’ {*"’;__
E "'E"' ° SEL Cellular
] 3 G"
Q= 5
553
£s g % Columnar
— 8 2 > L dendritic
- G‘I”

\J -J'ﬁ'-ﬁé Equiaxed
> ?f;?} ﬁa L dendritic

Narrow freezing range (T, - Ts)
Simple (linear) G

UNIVERSITA

>4 DEGLI STUDI DI TRIESTE @ LAM A'

Dipartimento di Ingegneria e Architettura




e of AM metals

Macro-level microstructural features: Texture
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ure of AM metals

dicting texture by modelling -

Macro-level microstructural features: Texture

Velocity/(m/s)
0.0001 0001 001 0.1 1
o e > Modeling-driven process design (no trial-and-error):
6.5 _
+2
g 6.0 - ~" @ Temperature gradient and liquid interface velocity
s e & control the microstructure in a predictable wa
[= 4 [¢]
Q 5.5 - - = |
S z
5 50- M- = - —— U]
g 0.4 g =—F'0
as-{j-02 gii ¢
= Equiaxed: | 2 .
0.0 i
0% I 1 T 710 P
-4 -3 -2 =1 '

Log (Velocity/[m/s])

R.R.Dehoff et al., Mater. Sci. Technol. 31, 931 (2015)

Ni superalloy by EBM
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ure of AM metals

Micro-level microstructural features: Grain size and morphology

!

Zig-zag pattern and
grain morphology

Scan direction

VT-induced
grain morphologies

' coan).

/ q_isz A

Grain size and shape
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ture of AM metals

Micro-level microstructural features: Phases

a Types of phase b Effect of undercooling on
transformations partition coefficient

T
K * Metastability is often promoted
\\u e Subsequent heat cycles may
N promote spatially varying

microstructures

E'II'

: Equilibrium
£ Nearly paritionless * Far-from-equilibrium process often
fusional promotes highly refined precipitates
Partitionless 10 T T
 Difusionless L | e * Phase stability can be engineered
2 1+ Y0, via composition
5 08
¢ o §
F26.0 2 05 1
k=
1 G Ifr' a
n‘rf _ﬁc
4§ Yaslf) I&E' 04 I 1
- 10! 100 L[l 102
I{D" Interfacial velocity (m/s)
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ture of AM metals

Process-induced effects on composition: Bulk Compositional Variations

Bulk compositional variations can arise from:

* Gettering

* Lossess due to differential vaporization of constituent elements (e.g. loss of Al in Ti6AI4V)

Compositional variations impact certification procedures of powders

Gettering and losses are predictable via Langmuir approach

Langmuir
. 1|:|'H' E 1|:|J
b, . ' € a0 : E W 0
' E ' g =2t “\ zmr P
_ ] & _ 3
¥ 2900 m ¥ 3900 - wi; = weight of species i (g)
';' ’ 5 : ';' ' ! 2 A= area of melt pool {mm?)
5 =) 3 E- t =time (s)
® 2,000 Jiwos & ® 2000 1102 =
E E g_ ] 4 From Rosenthal’s
3 X a E = approach
& 1,800 W @ 1,800 =
= I A =
i = BT 2mkdT- Ty
- _3__4 W ar H
1,600 |- - 1,600 4
I T TAPE I TP Pl [l 1[]'-5- k = thermal conductivity
g0 05 10 15 20 25 30 00 05 10 15 20 25 30 v = velocity
Time Time H = transferred energy

g UNIVERSITA
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of AM metals

Process-induced effects on composition: Non-equilibrium Partitioning

Nonequilibrium partitioning:

rapid solidification (nonequilibrium)

—high supersaturation

—> solute trapping

- higher solid solubility and mechanical
properties

* Trapping leads to banded structures
* Local compositional variations can be an
opportunity if engineered.
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e of AM metals

ntrol parameters
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ucture of AM metals

Figure 4

(@) A 3D composite image representing a typical section of a cylindrical specimen illustrating the columnar
microstructures. The cylindrical specimen is made of pure Cu. The arrow pointing upward indicates the
layer-building direction. Reproduced with permission from Reference 47. (b) Change in microstructure from
columnar to equiaxed morphology in the LM-processed deposit made of Al-15Cu (wt%). The dashed white
line represents the morphological transition zone. Reproduced with permission from Reference 52.
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structure = Properties
ntrol: porosity -

100 m T T T

O
N
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Buchbinder et al., Phys. Proc. 12 (2011) 271
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structure = Properties
trol: strength -

450

Al by SLM

400

According to

EN 1706 for

GD-AISI10Mg
I

RI'I'I

[R8] (TN LN

L9 -] L9

L] L] L]
| |

200

150

Tensle strength R,,,[MPa]

100

50 1

0 _ a5 90
Build-up direction []
Buchbinder et al., Phys. Proc. 12 (2011) 271

4. UNIVERSITA

¢ DEGLI STUDI DI TRIESTE @ LAMA' v

Dipartimento di Ingegneria e Architettura



of AM components

John J. Lewandowski and Mohsen Seifi
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 151-186
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rostructure = Properties

Yield Strength (MPa)
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Inverse Square Root of «.-Lath Thickness (um="?)

C.Qiu et al., J. Alloys Compd. 629, 351 (2015)
E.Brandl et al., Mater. Des. 32, 4665 (2011)
W.Xu, Acta Mater. 85, 74 (2015)

S.L.Lu, Acta Mater. 104, 303 (2016)
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les of AM components

PBF DED
EBM Laser
EEM Laser {(wire; EBM Laser (powder; WAAM

(powder) | (powder) | Sciaky) | (powder) | (wire) | LENS) (wire)
Titanium alloys 1248 49-71 72=79 B0-83 74
TiAl (intermetallics) 194, 171,172,

203=222 223,224
Steel alloys B4=03 94 95 96
Nickel alloys O7=102 103=110 111, 112
Aluminum alloys 113-124 125 126, 127
High-entropy alloys 128 129

i€
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John J. Lewandowski and Mohsen Seifi, Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 151-186
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AM of Al Alloys

Motivations for AM of Al alloys

* Exploit ultralightweight desing (hollow, shell structures, lattice configurations: AM
enables wall thickness previously unattainable by casting)

* Functionality (especially in thermal applications)

» Reduced buy-to-usage ratio is very beneficial for pricy Al alloys

Challenges for AM of Al alloys
« Same that limit Al weldabilty (surface oxide scale, high thermal conductivity, high
thermal expansion coefficient, high solidification shrinkage, high H solubility...)

 Amplified in powder bed techniques, specifically:

* Powder flowability: Al powders are light and this reduces flowability, which affects final
porosity

* High thermal conductivity: this requires higher power, which in turn might lead to problems
(balling, loss of alloying elements...)

e Surface oxide film: leads to defects

* Same countermeasures as for enhancing weldability of traditional materials may apply
UNIVERSITA

DEGLI STUDI DI TRIESTE @ LAMA"*

Dipartimento di Ingegneria e Architettura




Pure Al — not many data available

Foundry alloys (Al-Si)

Many AM processes are viable

SLM can be optimized to provide extremely fine
microstructure and excellent mechanical properties
Typically anisotropic

e WEmUTs 2 (2]
. : 500 A Ma et al. [35]
450 - . Ys _
" Elongation (%
400 [ Elongation (%) -
| 415 o :
400 - o Ki and Nakamoto [16]
350 3 Zp¢ithanth et al, (34]
= A 4 tal.
£ 30- g B ® Weng gt Al Pl
3 [
T 250 - 2 e -cast [30)
g it § % 4 Ma et al.[35]
= 1 ’9 200 - B Kimrr d Nakamoto [16]
& 150- ” E 5 oietal 28] v AI7Si0.3Mg
100 ] @ o Prashanth et al. [34] = AI0SiMg
; ,_E 100 4 ® Al12Si
80 5 A A0S
0- 0
RT 300°C RT+T6 300°C + 76 0 . . . . . y ' . v Y
Temperature 0 100 200 300 400 500

Yield Strength (MPa)
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of Al Alloys

Nonheat-treatable alloys: 3XXX and 5XXX (Mn, Mg)
 Example: AIMgScZr

Print Direction Heat Treatment YS (MPa) UTS (MPa) Elongation (%)
Horizontal Annealed 370 + 38 415 + 30 20+23
Annealed + HIP 476 + 2 500 + 3 12+20
Vertical Annealed 450 + 16 480 + 11 13+16
Annealed + HIP 490 + 2 522 + 4 14+07
70
B 2219-O typical
Heat-treatable wrought alloys | Example: 2219 %;;ﬁ:‘lg_ |
4 - pica
AI'CU'Mg (ZXXX) . 7 =N Deposit + T62
. [332219-T62 typical
Al-Si-Mg (6XXX) 50 - 7
Al-Zn-Mg-Cu (7XXX) - 7
40 - — ?
- %
30 4 /
20 4
%,
10 -
UNIVERSITA | N N P
DEGLISTUDI DI TRIESTE ® Yield Strength (ksi) Ultimate Strength (ksi)  Elongation (%) @ LAMA

Dipartimento di Ingegneria e Architettura



Inconel

Ni-based superalloy manufactured by AM suffer from similar limitations as for weldability

8 ;
Difficult to;weld
71 : .
CM247LC
6 ! ! =

w

w

Ai + 0.8Ti (wt%)
=N

y'-forming elements

2
i Readily weldable
; @
0 ING25® _Hastelloy-X |
0 2 4 6 8 10 12
0.28Cr + 0.43Co (wt%)

Carbide-forming elements

_ A
Fl (2]
a5 DEGLI STUDI DI TRIESTE Attallah, M., Jennings, R., Wang, X., & Carter, L. (2016). MRS Bulletin, 41(10), 758-764 @ LAMA

Dipartimento di Ingegneria e Architettura




Challenges

* Residual stress

* Porosity

* Undesired, solidification-induced phases

- thermal treatment (HIP) often required

* Large anisotropy (an opportunity?)

k"
on.

‘scan

)
A~
~8
-0
D
L
2
g
K
X

* bidiréctjonal scan ’

Vold Area (%)

f Inconel

High Void Area (%) ,__i_,. Low Void Area (%)
a
L] OCM247LC: Low-Power Study
8 CM247LC: High-Power Study
« CMSX486
* INB25
xIN718
o a
A e
.
W .
akbmfonmmt axméx xdxmo x o ox
1 2 3 4 5 "
Energy Density (J/mm?)

Attallah, M., Jennings, R., Wang, X., & Carter, L.
(2016).MRS Bulletin, 41(10), 758-764.
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ed superalloys

* Ni-based superalloy components can be
manufactured by AM and obtaining the
same microstructure that is obtained by
conventional fabrication (cuboidal y’
wtih optimal spacing)

* Conventional heat treatments can be
skipped beause of the heat cycles
intrinsic of the process

J.M. Oblak, B.H. Kear, in Electron Microscopy and Structure of Materials, G. Thomas , R.M. Fulrath, R.M.
Fisher, Eds. ( University of California Press, Berkeley, 1972), p. 566
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of Ti6AI4V

e Typical microstructure of conventional Ti6AlI4V
is conserved in AM parts

*  Microstructure can be tailored
& 5]

SRR AR AT <, g

Rapid cooling process l-;-Lu ,;7 g\%
Small grains N g o
Hardness +40% : ?

Murr, L., & Li, S. (2016). Electron-beam additive manufacturing of

high-temperature metals. MRS Bulletin, 41(10), 752-757. Fuli
doi:10.1557/mrs.2016.210 LAM A
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Mechanical properties
and heat treatments

Strength [MPa) B B
5 &8 8 8 B

5

s =
(ag) wonyebuo|g

-
=
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annealed

M of Ti6AlI4V

AM parts in as-built condition do not
meet 10% elongation requirement

Heat treatments improve ductility

Elongation of 10% or more is always
obtained with high temperature heat
treatments (>940°C)

Tensile strenght always matches
conventional processes

Anisotropy is always present; High
temperature (about 1000°C) treatments
can mitigate it but are often coupled with
grain growth

HIP treatments at 920°C for 2 hrs under
100MPa in argon reduce defects
(resolution 5um)

Lathe thickness grows under HIP.
Exceeding 8um leads to an excessive drop
of tensile strength

John J. Lewandowski and Mohsen Seifi, Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 151-186

Qian, M., Xu, W., Brandt, M., & Tang, H. (2016). Additive manufacturing and postprocessing of Ti-6Al-4V @ LAMA ]

for superior mechanical properties. MRS Bulletin, 41(10), 775-784. doi:10.1557/mrs.2016.215



of Ti6AI4V

Post-AM surface treatments are
essential (polishing, shot peening)

Fatigue behavior

__* AM manufactured components
|/ can perform better than standard

800~

Anisotropic behavior
HIP helps

= Laser HIP at 920°C/2 h/100 MPa, machined surface
—— Laser: no treatment, as-built surface
—— Laser: 3 h at 650°C, as-built surface, R = 0.1
—— Laser: no treatment, machined surface
= Laser: 4 h at 650°C, machined surface
=== MMPDS5 2010: 3-inch casting, machined surface, R =0.1
------- MMPD4S 2010: wrought, annealed, machined surface, £ =01
+=-= MMPDS 2010: wrought, aged, machined surface, R =0.1
E-beam: no treatment, machined surface
E-beam: no treatmemnt, as-built surface
E-beam: HIP at 920°C/2 h, machined surface
Directed energy depaosition, laser wire feed: heat treated and no treatment
B E-beam: optimized, no treatment, as-built surface finish, R =0.1
s - | . ol ® E-beam: optimized, surface treated, = 0.1
10t 1t 10° ¢ # E-beam: no treatment, machined surface, R=0.1

N; (cycles to failure)

5, o.q(MPa)

100

© UNIVERSITA

: ¢ DEGLI STUDI DI TRIESTE John J. Lewandowski and Mohsen Seifi, Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 151-186 @ LAMA' e
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Process 4

coordinate system Y Longitudinal ~ Transverse Horizontal
Deposition nozzle
\ x . - 'd
Laser

Plre-alloe/aeld or anixed

Re-solidified elemental powders

titanium alloy Powderflaser g - .
interactor

Prior passes Molten titanium

allo al

Direction of part motion

Microscale
inhomogeneities
(dendrites)

««« | Vickers Hardness | = ~

v"’ within
the grains

Texture
inhomogeneity
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hape-Memory Alloys

Shape-memory and superelastic characteristics can be tailored through appropriate AM-
controlled microstructures

CzZ32 Nonrecoverable LP: E=111 J/mm3, v =160 mm/s

ZzZ:A Recovered via heating  HP:E=126 J/mm?3, v =1100 mm/s
EEEm Recovered after unioading

LP HP LP HP LP HP

Shape-memory effect

100

'a| High-Temperature Austenite [ d ]
4 NTI, 10, T, =296 K

Stress (MPa)

(T8 10 am "
Strain

8ulj00)

&
>
—
(<)
>
O
o
Q
oc
v
)
=
o
-
—

8
QJ
o

10 ¢

3% 6%
Prestrain (%)

'b] Martensite (twinned) [c| Martensite (detwinned)
3 Shape-memory path
------- » Superelasticity path
UNIVERSITA Dadbakhsh, S., Speirs, M., Van Humbeeck, J., & Kruth, J. (2016). Laser additive manufacturing of bulk and
porous shape-memory NiTi alloys: From processes to potential biomedical applications. MRS I ﬁ MA‘
DEGLI STUDI DI TRIESTE Bulletin, 41(10), 765-774. doi:10.1557/mrs.2016.20 @

Dipartimento di Ingegneria e Architettura



ic Materials

indirect AM technologies

recoating ] part inscribing
Powder and Slurry based 3D Printing and Selective Laser Sintering
' scanner oplics
Laser beam
: Laminated Object Manufacturing i
recoater powder : part : ,
i : scanner optics
(.\ - part . laser beam
— selective part
$ laser : laser
powder : sintering sheet cutting
based H feeding material
layer ' shoot
deposition H ! '
! bullding | '
rre : | platformy | -
doctor bed + '
blade feeding waste :
= slumry print roller rotler :
: head
7 i ! . binder
sturry = L R " direct AM technologies
based : 6‘ -
deposition ~ - : 3D Direct 3D Printing DIW / Robocasting / FDM
: printing
::dwder bullding : %2
platform !
: print u v plunger
' head syringe
L suspension movemaent syringe
6 ‘ paste
et . extruded
. extrusi filament
on
nozzle bullding
platform
buliding
platform
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Ceramic Materials

Ceramic stereolithography (Photopolymerization)

doctor
biade

Precision Mirrors
slurry o ,\\
based
layer
deposition Precise UV Beam
Recoating Blade

bullding

platiorm

UV light

part

Jan Wilkes, Yves-Christian Hagedorn, Wilhelm Meiners, Konrad Wissenbach, (2013) "Additive
manufacturing of ZrO2-Al203 ceramic components by selective laser melting", Rapid Prototyping Journal,

UNIVERSITA Vol. 19 Issue: 1, pp.51-57, doi: 10.1108/13552541311292736 =n
DEGLI STUDI DI TRIESTE @ LAMA -

Dipartimento di Ingegneria e Architettura J. Ceram. Sci. Tech., 05 [04] 245-260 (2014)




f Ceramic Materials

Single-step AM (e.g. SLM, EBM, ...): rapid
manufacturing

Double step AM (use of binders): more
versatile

Ceramic AM parts that do not present macro
cracks or pores have properties that closely
approach those of conventional ceramics

Some processes require an extra
densification step

Fully dense, Al203-ZrO2 ceramic composites
have been produced succesfully, with
excellent mechanical performances (tensile
strength > 500 MPa)

Jan Wilkes, Yves-Christian Hagedorn, Wilhelm Meiners, Konrad Wissenbach, (2013) "Additive
manufacturing of ZrO2-Al203 ceramic components by selective laser melting", Rapid Prototyping Journal,
Vol. 19 Issue: 1, pp.51-57, doi: 10.1108/13552541311292736

J. Ceram. Sci. Tech., 05 [04] 245-260 (2014)

UNIVERSITA

DEGLI STUDI DI TRIESTE @ LAMA"*

Dipartimento di Ingegneria e Architettura



Materials

Structures
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Annu. Rev. Mater. Res. 46:187-210
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Additive Manufacturing for Architected Materials

A convenient way to fabricate components with complex structural topologies

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Additive Manufacturing and Hierarchical Structures

Nanoscale

First-order hollow tube
First-order lattice struts

Hierarchical unit cell

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Architected Cellular Materials

Ce“‘flar None Random Ordered Order ed and ’

architecture location specific

P rtiae Continuous and Homogeneous Homogeneous and Inhomogeneous and

P homogeneous at scales > cell highly anisotropic highly anisotropic

Design Solid eotistituatit Solid constituent, Cell size/shape, node

degrees of Solid constituent : ' cell size, and topology, ligament
cell size . . .

freedom orientation shape, material...

Tobias A. Schaedler and William B. Carter
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 187-210



Modulus (GPa)

Architected Cellular Materials for Enhancing E/p

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

10

10!

10°

10-

102
102 107 10° 10!

Density (g/cm?)

Stretch-dominated behavior

4

E/E;~ p/p;
0/0, ~ p/p;

Bending-dominated behavior

E/Es ™ (p/ ps)2
0/0, ~ (p/py)"*

Tobias A. Schaedler and William B. Carter
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 187-210



Advanced Cellular Design

CFRP truss (15)

Nickel microlattice (12)

Yield strength (MPa)

10°

10

T T T T

T T T Ty

SIOC microlattice (14

Al,0; nano-
honeycomb (13)

Elastomers

) /
.. /
/
/
J
/
/
A /
\ v/

Metals and alloys

Nontechnical
ceramics

ol 1 Lol roo vl 1 Lol vl

102 10%
Density (kg/m3)

104



Configuration: controlling thermal expansion

LI
LI

Overall Coefficient of
Thermal Expansion (ppm/C)

— Prediction
-4 @ Experiment

| | | | o\
10 15 20 25 30
Skewness angle, 0 (degrees)




Configuration: controlling thermal expansion
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Configuration: controlling thermal expansion

M
I -Hexagonal
b1

Constituent 1 Constituent 2

® N: middle point of base member

® M: vertex of unit cell

h | -Hexagonal

)
Constituent | Constituent 2

® N: middle point of base member

® M: vertex of unit cell



Configuration: controlling thermal expansion
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Configuration: controlling thermal expansion
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Configuration: controlling thermal expansion

Trade-off between CTE tunability and rigidity

(can be approached with topology optimization, see later)
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Architected Materials

Integrating functionality

Architected core Architected core Architected core
cold plates planar heat pipes heat exchangers

b

Evaporator Adiabaticregion  Condenser

Tm.max

Tfput

Internal External
fluid fluid

Tobias A. Schaedler and William B. Carter
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 187-210



Architected
Materials
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Tobias A. Schaedler and William B. Carter

Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 187—
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Optimizing Structural Topology

Designer specifications

« Material(s)
@Void [ Aluminum alloy [ Stainless steel
OTitanium

- Objective function
@ Minimum mass [ Maximum effective property
OTarget effective property

» Constraints
B Mechanical properties
* Elastic symmetry O Orthotropic O Cubic
[@ Isotropic
= Allowable moduli

Min Value Max Value
Bulk modulus @ 10GPa O
Young'smodulus 0O 0
Shear modulus O nNa O

[@ Fluid flow properties
* Fluid permeability symmetry @& Isotropic
* Allowable property

Min Value Max Value
Fluid permeability B 3x10®°m? O
0O Thermal conduction properties
[ Manufacturing properties
* Allowable property
Min Value Max Value
Feature size B 200pm O

Input

Topology optimization engine
« Unit cell and upscaling analysis
« Sensitivity analysis

» Optimization algorithm

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

”~
Output

Fluid
streamlines

]
V Manufacturing
_

Fluid
streamlines
through
center pore

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Finite Element Modeling for Topology
Optimization

Volume fraction

p¢=0.05

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Example of Topology Optimization

Maximum Stiffness vs Minimum Density

b | | 1 | I | 1 1 I

09 =

== Hashin-Shtrikman
08 upper bound
e Hashin-Shtrikman

07 lower bound !l
W 06
S~
e
5 05F
3
g 04
£ Stochastic
]
N0
2 03

0.2

0.1

0.0

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1.0
Volume fraction

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Example of Topology Optimization

Optimal CTE (Negative, 3D, trade-off with stiffness)

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Example of Topology Optimization

Optimal trade-off between rigidity and permeability

(useful for scaffolds, fluidic actuators, thermal transport...)
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Permeablllw “ f’dz] ;anov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233



Example of Topology Optimization

Optimal energy absorption

(e.g. for blast-resistant materials)

sh | | | | | "l

— Topology optimized
—— Honeycomb

0.0 0.1 02 03 0.4 05 06 0.7 0.8
£(a.u.)

“

Mikhail Osanov and James K. Guest
Ann. Rev. Mater. Res. Vol. 46, 2016, pp. 211-233
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General AM
Standards

Materials
Materlal Category-Specific
Metal Powders
Paolymer Powders
Photopolymer Resing
Ceramics

ate,

Material-Specific Standards

Material-Specific Size
Specification
Material-Specific
Chemical Composition

Materlal-Specific Viscosity
Specification

efc.

UNIVERSITA
DEGLI STUDI DI TRIESTE

Dipartimento di Ingegneria e Architettura

lon — development of standards

ELLLEEEE T ——
General
Top-Level
)ata Formats AM Standards
- General concepts
- Common

requirernents

-__h.Jllln....... - Generally applicable

Process / Equipment |||““ Finished

Standard Protocols for Round Categor
Process Category/Material-Specific Robin Testing A:‘n Y
Powder Bed Fusion Machanical Test Mathods— e.g.,
— — = Part1: Tensile Tests, Part 2: Porosity StEHdEIrdS
_ Aihes Tests, Part 3: Fracture Tough nass, etc. Soecific to
- - - Specitic
Material Extrusion Metals | Polymers | Others I rerial or
Directed Energy Deposition Part Specifications process
etc, Bt category
Process/Material-Specific Application-Specific Standards Specialized
Standards AM
Process-Specific ABros
Performance Test Methods IESREEE Standards
Madical - Specific to
System Component Test material,
SYILE U 3
Methods Automative process, or
etc. etc. application
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Analysis Validation

Full-
scale
Article

USD$100M/4 yrs

Components USD$10-20M/3 yrs

. Sub-components USD310=35M/3 yrs
Design-Value
Development = [+ o
Elements USD$10-35M/3 yrs
Materials Property
Evaluation USD$8-15M/2 yrs

Coupons

Foundational
Requirement

Frozen and Standardized Material & Process
and Manufacturing Process

. UNIVERSITA

' DEGLI STUDI DI TRIESTE

Dipartimento di Ingegneria e Architettura

ss qualification

Linear approach to qualification
is unfit forAM

et

Need a paradigm shift towards
Integrated Computational
Materials Engineering

¢ LAMA™



Detailed logging and analysis of parameters
during manufacturing

In-situ monitoring of layers (optical and
thermal imaging)

Modelling of process and material:
identify the tendency to defect formation
or microstructural heterogeneity

Sacrificial samples for testing](US, X-ray or
neutron CAT, residual stress distribution, ...)
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Table 2 - Excerpt from 1ISO 17296-3:2014

Suggested I1SO standard for Metal

Testing
Appearance 16348
Surface Requirements Surface Texture 1302 /4288
Colour 11664-i [i=1-5]
Size,length and angle 129-1, 286-1,
dimensions, dimensional 14405-1, 1938-
Geometric Requirements tolerance-s - 1c, 27861
Geometrical tolerancing
(deviations in shape and
position) 1101, 2786-2
Hardness 6507
Tensile strength 6892-1°
Impact Strength 148-j j =1,2(charpy)®
Compressive Strength 4506
Mechanical Requirements Flexural Strength 3327
Fatigue Strength 1099,1143
Creep 204
Ageing Not relevant
No ISO
Frictional coefficient specified
Shear Resistance 148-1
Crack Extension 2889
Density 3369
Build Material Requirements 5579
Physical and physico- 3452-k k=11,2]
chemical properties 61675 nb. IEC not ISO
Additional Microstructure (DT) 9934-1
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R.B.Dinwiddie et al., “Thermographic In
Situ Process Monitoring of the Electron-
Beam Melting Technology Used in
Additive Manufacturing,” Proc. SPIE
8705 (2013), 87050K
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ualification

* Detailed logging and analysis of parameters
during manufacturing

* | In-situ monitoring] of layers (optical and
thermal imaging)

* Modelling of process and material:
identify the tendency to defect formation
or microstructural heterogeneity

» Sacrificial samples for testing (US, X-ray or
neutron CAT, residual stress distribution, ...)
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E.Schwalbach , M.Groeber, “Multi-Model Data Collection and
Integration for Metallic Additive Manufacturing,” AAAS Annual
Meeting: Symposium on Integrated Computational Materials
Engineering Principles for Additive Manufacturing, San Jose, CA (2015)
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Analysis Validation

Full-
scale
Article

USD$100M/4 yrs

Components USD$10-20M/3 yrs

. Sub-components USD310=35M/3 yrs
Design-Value
Development = [+ o
Elements USD$10-35M/3 yrs
Materials Property
Evaluation USD$8-15M/2 yrs

Coupons

Foundational
Requirement

Frozen and Standardized Material & Process
and Manufacturing Process

. UNIVERSITA

' DEGLI STUDI DI TRIESTE

Dipartimento di Ingegneria e Architettura

ss qualification

Linear approach to qualification
is unfit forAM

et

Need a paradigm shift towards
Integrated Computational
Materials Engineering

¢ LAMA™



ICME

putational Materials Engineering

ICME-informed qualification leverages an
integrated system of:

e Design tools

e Data management and analysis
* Materials (multiscale modeling)
* Business modeling

* Manufacturing process

#A process “quality envelope” is defined

Sensors and controls are needed to maintain the
process within the quality envelope
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ncluding remarks

e Comparison of AM with traditional manufacturing requires an integral, lifetime analysis

* Traditional manufacturing is cheaper in most cases
* Other benefits should be factored in (e.g. faster production)
e Capital cost can hardly be recovered; using AM providers might be a better business case

* Once a satisfactory technological level is reached (predictability and qualification):
* AM allows for faster production
* AM requires less tooling, less investments, less working capital
* AM allows for optimization of design: synergic effects

* Standardization, classification, quality control, validation of design and product, are
needed at both the technological and regulatory level

* Need more focus on the materials aspects:
* Develop a larger portfolio
* More work about the relationship material-process-microstructure-properties
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