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Metallurgy Is a pseudo-science, that deals with inaccurate
assumptions, undefined theories and untestable
hypotheses. Based on unreliable information, uncertain
measurements and incomplete data. Obtained from
unconvincing experiments, indiscriminate investigations and
non-reproducible operations. Using instruments, equipment
and utensils of dubious precision, insufficient resolution and
Inadequate sensitivity, by unreliable people, unknown
affiliation and guestionable intelligence.

A “friend”
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Metallurgy is a domain of materials science and engineering that
studies the physical and chemical behavior of metallic elements, their
iInter-metallic compounds, and their mixtures, which are known as
alloys. Metallurgy encompasses both the science and the technology
of metals; that Is, the way in which science is applied to the
production of metals, and the engineering of metal components used
In products for both consumers and manufacturers. Metallurgy is
distinct from the craft of metalworking. Metalworking relies on
metallurgy in a similar manner to how medicine relies on medical
science for technical advancement. A specialist practitioner of
metallurgy is known as a metallurgist.

Wikipedia
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* Metallurgy In the past.
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Metallurgy, at the heart of human development. Some important milestones.

3500 BC. The Egyptians cast iron
(possibly as a product of copper
refining) for the first time, in small
quantities and for ornaments and
ceremonial purposes.

N K i

“iron from the sky”

First 'big processing
secret' of the material
that has dominated

the world for
centuries: steel.
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Metallurgy, at the heart of human development. Some important milestones.

300 BC In southern India, Wootz steel is
made from sponge iron in a crucible.

Hundreds of years
later, Damascus
swords were made
from this type of
steel, which inspired

blacksmiths, artists
and metalworkers for
many generations.
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Metallurgy, at the heart of human development. Some important milestones.

200 BC. In China, iron is cast (iron foundry).

For the first
time complex
Iron parts are
made, and iron

smelting
begins in

history.



http://www.tms.org/pubs/journals/JOM/0305/figb.gif
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Metallurgy, at the heart of human development. Some important milestones.

1450: Johannes Gutenberg develops a lead-tin-
antimony alloy which he cast with copper and
produces type suitable for his printing press.

The possibility
of mass
communication
IS established.
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Metallurgy, at the heart of human development. Some important milestones.

1709: Abraham Darby | discovers that
coke can efficiently replace charcoal in It drastically
the smelting furnaces of iron smelting. reduces the cost

of smelting
(enabling mass
production) and

saves huge

Sedqgley, Staffordshire

regions from
deforestation.


http://www.sedgleymanor.com/index.html
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Metallurgy, at the heart of human development. Some important milestones.

1856: Henry Bessemer patents a bottom-

blown low-carbon steel converter. It ushers in an
era of massive

use of cheap
steel In
transport,
construction and
general industry.
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Metallurgy, at the heart of human development. Some important milestones.

1878: William Siemens patents the electric arc
furnace.

The predecessor
of the modern
electric arc
furnace, which is
the foundation of

gy Lo modern steel
anm...... production and
o~ Mmany other alloys.

 refractario de magnesita
"1 Ladrillo de arcilla refractaria

refractaria - St
/ | Esta nutad del home |Esta mitad del homo |
I

Trestra un | nmestraun |

revestinuento basico | pevestimiento hasico L .
Mezcla con revestimiento de cubiloie Mezela con revestinuento de magnesita



http://en.wikipedia.org/wiki/Image:Wilhelm_Siemens.jpg
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Metallurgy, at the heart of human development. Some important milestones.

1886: Charles Martin Hall and Paul Héroult
independently and simultaneously discover
the reduction of alumina to aluminium.

ALCOA

The beginning
of the use of

aluminium for
commercial

purposes is
encouraged.
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Metallurgy, at the heart of human development. Some important milestones.

1898: William Roberts-Austen
develops the Fe-C phase diagram.

Initial work on the

Py most crucial

phase diagram in

,. . metallurgy lays

- /M” iy | the foundation for
‘ g | ’ an indispensable

| - Soludiftoation of (rophir Lateclic ™~ ¥ Lo
| e s el st S iyl o, = Ei |

ﬁ?. i. Roberts- Austen.

Liguid Solution of Cordren i Joon
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http://www3.imperial.ac.uk/portal/pls/portallive/docs/1/40417.JPG
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* Metallurgy today, through some numbers
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STEEL

il l Height 610m
Volume 227.8 million m*
i Weight 1.8 billion tonnes
Iron ore P -1t - S
3,040,000,000 tonnes y A“Q
i ' : o )
: SAND/GRAVEL
Height 555m

Volume 171.0 million m*
Weight 265 million tonnes

Industrial metals
I 207,478,486 tonnes

—— - - ——— =

11T

=
i}: g -
TG g X K e
K t“wi M L]
& W
All the Metals We Mined in 2019. Visual Capitalist; https://elements.visualcapitalist.com/sand-

steel-and-cement-the-annual-production-of-

2019. https://'www.visualcapitalist.com. et
the-worlds-building-blocks/
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; Rank HS code Product description Value (million USD)
]
" : 260300| Copper ores and concentrates 1432 65
! 730890 Structures and parts of structures, iron or steel, nel 1192.79
I " 3 710812 Gold in unwrought forms non-monetary 1090.84
790111| Zinc, not alloyed, unwrought, =99% pure 1075.96
g 740311 Copper cathodes and sections of cathodes unwrought 72566 .
! . Main non-food, non-
i 760429 Bars, rods and other profiles, aluminium alloyed | 646 54 .
energy raw material
7 740400 Copper/copper alloy waste or scrap 546 45 ..
2 3 — _ commodities exported
> > 760612| Aluminium alloy rectangular plate/sheet/strip,t =0.2m 54311 ;
: E - - by Spain
. g 5 721632 | Sections, |, iron or non-alloy steel, nfw hot-roll/drawn/extruded = 80m| 608.23
i I 740811[ Wire of refined copper = 6mm wide | 577 14
1 470329 Chem wood pulp, sodalsulphate, non-conifer, bleached 422 00
8 12 760120] Aluminium unwrought, alloyed 41738
-
- - 721633 Sections, H, iron or non-alloy steel. nfw hot-roll/drawn/extruded > 80m [400.25
Q 14 760421 Profiles, hollow, aluminium, alloyed 35203
©
g 730820 Towers and lattice masts, iron or steel 347 59
701090 Glass containers nes for packing or conveyance goods 330.29
?21420| Bar/rad, iron or non-alloy steel, indented or twisted, nes | 32208
% 281820  Aluminium oxide, except artificial corundum 32176
3 19 ?4ﬂ2ﬂﬂ| Unrefined copper, copper anodes, electrolytic reﬁnull 316.72
E 20  710813[ Gold, semi-manufactured forms, non-moneiary 314 .41
o)
o ; .- -
— Total exports of raw material commodities: 27738 million USD
' Data source: DESA/UNSD, United Nations Comtrade database
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Rank HS code Product description Walue (million USD)
260300 | Copper ores and cnnl:enlratesl 233091

721049 | Flat rolled iron or non-alloy steel, coated with zinc, width =600mm, ne 1253.69
760120 | Aluminium unwrought, alloyed 1028 65

284 mil. USD

260800 [ Zinc ores and concentrates| 999 48

711291 | Waste and scrap of precious metals; of gold, including metal clad with gold but excluding sweepings containing other precious metalg 877.27

8 720449 | Ferrous waste or scrap, nes | 73055

§ 740311 | Copper cathodes and sections of cathodes unwrought M ai n non _.I:O 0 d ’ non-en erg y b83.08

740400 | Copper/copper alloy waste or scrap | . .. b81.73

760612 | Aluminium alloy rectangular plate/sheet/strip,t =0.2m raw m ater I al commao d Itl €s b62.98

a 270112 Bituminous coal, not agglomerated | m p 0) rted by Sp al n 479.49

% 11 760110 | Aluminium unwrought, not alloyed | 45025

3 701090 Glass containers nes for packing or conveyance goods 441 .05

- 720421 | Waste or scrap, of stainless steel | 37047

260111 | Iron ore, concentrate, not iron pyriles,unagglomerate| 341.15

0‘:', 722530 | Hot rolled alloy-steel, coils width =600mm, nes| 338.43
% 470321 Chem wood pulp, soda or sulphate, conifer, bleached 33337
= 730890 | Structures and parts of structures, iron or steel, ne 324 24
S 470329 Chem wood pulp, sodalsulphate, non-conifer, bleached 31660
720711 | Rectangular iron or non-alloy steel bars, < 25%C, width< twice thicknes 284 42

20 310520 Nitrogen-phosphorus-potassium fertilizers, pack =10kg 270.33

Total imports of raw material commodities: 28996 million USD

Export: 27738 million USD
Import: 28996 million USD

Data source: DESA/UNSD, United Nations Comtrade database
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Global Production Change Since 1994

350 Iron ore
Iron ore Steel Aluminium
300
Steel
250
Aluminium
8 Copper
4 200
o
&
150
100
50
1994 1999 2004 2009 2014 2019

(b)

OECD. Global Material Resources Outlook to 2060: Economic Drivers and Environmental Consequences; OECD Publishing: Paris, 2019.



dea Qo Metallurgy today, through some numbers ucdm

50 GLOBAL STEEL PRODUCTION VISUALIZED

YEARS OF

@
Steel is an essential building block of our material world.

Q’ 1993
@ -y e China overtook U.S. steel
— production in 1993, and

took Japan's place as the
Highly durable Energy-efficient Infinitely recyclable top producer in 1996,
to produce

Global crude steel production has more than tripled in the last
50 years, with China dominating since the turn of the century.

1Mt =1 Million
Metric Tons
14.0Mt
165.1M¢
115.4Mt —
102.2M¢
622Mt
25Mt
6.3Mt
67Mt 7,
0.5Mt
nemt
4.0Mt
6.4mMt
O = O
1974-1984 Rest of South Africa Oceania Middle Rest
ﬂEﬁ A decline in steel demand saw U.S. steel A':v?er::::a @medca East  ofcis
production and industry employment
50% numbers drop by 50%.
8 2009
During this time, the USSR became the % The global financial crisis resulted In an
world’s top crude steel producer. l @ 8% drop in overall steel production YoY.
v35% v27% v26% A13%
o)
@® \8/ )
us. Europe Japan  China
SOURCE World Steel Assoclation

) ) ) o o o ° 5 o o

© ) 3 C) ) O o N N v

& 8 K3 & 8 & K S ) 3 S o _
World Economic Forum

ELEMENTS @ The Earth’s natural resources power our everyday lives.

. VC Elements breaks down the building blocks of the universe. Welie Rmatenal world. re p 0 I't 2 O l 9

@ elements.visualcapitalist.com @
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YEARS OF
2017
China’s annual steel production
@ 4 N . © ” (870.9M¢) eclipsed the rest of
Steel is an essential building block of our material world. = the world (865.0M) in-2017.
1Mt =1 Million
n 293 Metric Tons
1
@ da/ 8 B China overtook U.S, steel
— production in 1993, and
e took Japan’s place as the
Hiohly dursbie E":o"p""'"d‘” Infinitaly recyclable top progucer & 1996.
Global crude steel production has more than tripled in the last
50 years, with China dominating since the turn of the century.
%
1053Mt
1Mt =1 Million
Metric Tons
14.0Mt
165.1M¢
115.4Mt
102.2Mt
622Mt
e 177.6Mt
6.3Mt
6.7Mt 7/ RUSSIA
0.5Mt ’ 72.7Mt
nemt
40Mt 73.4Mt
28:aMt
G4Mt
83.2Mt
& Rest of South Africa Oceania Middle Rest
tazasIons. North  America East of CIS 139.1M¢

.[]E‘ﬂ A decline in steel demand saw U.S. steel
preduction and industry employment
50% numbers drop by 50%.

America

During this time, the USSR became the
world’s top crude steel producer.

2009
8% The global financial crisis resulted In an
l @ 8% drop in overall steel production YaY.
v35% v27% v26% A13%
€ o ~ ©o

us. Europe Japan  China

SOURCE World Steel Assoclation

2020
9—57,9 Despite the COVID-19 pandemic, global
gggﬁ, steel production fell by less than 1% YoY.
Some nations were hit harder than others:

7% v16% V9% A 5%

e © @ @

us. Japan Europe China

) o 3 ) o o o & 2 o o o
©° N N vV
& 8 ) & & & & S 3 ) ) o _
World Economic Forum
ELEMENTS The Earth's natural resources power our everyday lives. We live In'a material world.

VC Elements breaks down the building blocks of the universe.

. elements.visualcapitalist.com

report 2019
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2011 value 2011-2060 projected increase
A

Sand gravel & crushed rock
Limestone

Bituminous coal

Structural clays

Grazed biomass

Wood & timber

TOon Oores

G Non-metallic minerals

Other crops
non-metallic minerals
Straw

d*1%

Other biomass |
0 5 10 15 20 25 30 35 40 45 50 55

Gigatonnes

OECD. Global Material Resources Outlook to 2060: Economic Drivers and Environmental Consequences; OECD Publishing: Paris, 2019.

ucam
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Metallurgy today, through some numbers

used in electronic devices

Christian, B. et al.Elemental Compositions of over 80 Cell Phones. J. Electron. Mater. 2014, 43, 4199-4213.

ucadm
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Minerals Required
for Green Energy
Technologies

EEB
llll EEE IEI

K The "Rare Earths" designation refers to 17 different elements, including
dysprosium and neodymium (critical for wind technologies and energy storage),
C PPe as well as praseodymium (critical for electric vehicles and energy storage).

Clare Church and Alec Crawford, International Institute for Sustainable Development, July 2019 “The fuels of conflict in the transition to a low-carbon economy”
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Metallurgy today, through some numbers

A o, TG R

Wind Power Solar

Electric
photovoltaic  vehicles

Hydro Nuclear Bioenergy Electricity Concentrated Hydrogen

networks solar

Steel —.

Copper e

Aluminium

Dysprosium

Neodymium

Praseodymium

Silicon

Terbium

Cobalt

Graphite

Manganese

® © & & o o o o o

Silver

oooﬁooooo.o..’

® 0 ¢ 0 0 0 0 0 0 0 D * o
® ¢ 0 0 0 0 0 0 0 0 O

.

®
4
@
&
&
@
@
@
®
L
@
L

9 0090909090 00000

o
L]
@
@
°
#
®
®
»
®
.
L
°
°

10::0:00000000

s00000000

de Pee, A.; Pinner, D.; Occo, R.; Somers, K.; Witteveen, M. Decarbonization of Industrial Sectors: The next Frontier; McKinsey Co., 2018; pp 1-68.
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Metallurgy today, through some numbers

e Rewmaerat P W 4 G @R @ TSR
48 Gallium e e e . . .
41 Magnesium ® e ° ° °
4.0 REE {(magnets) ® 5 ® ® s s s @ @

3.8 Boron . . . . s s s s s s
2.7 PGM ° ® ® ® ° °
19 Lithium ® ® ° °
1.8 Germanium ) ) ) °

1.8 Matural graphite ® ® ® o ® ° °
1.7 Cobalt ® ® ® ° s o s
1.6 Titanium metal . . .
1.4 5ilicon metal ° ° ° ° ° ° o ° ° s # s
1.2 HﬂﬂgﬂﬂE’SE o o ] o L] (] L] L] L] L] L]
1.2 Aluminium ® ® ® ® ® s s o s s . » .
0.5 Mickel ® ® ® ® e e ° e e ° @ °
0.1 EEP[JEI' L L o L L L L L L L L L
53 HREE (rest) = = > > - - -
4.4 Miobium ® ® ® o

3.5 LREE (rest) ® s & e e
.3 Phosphorus . - ¢ Source: Joint Reseearch Center, UE
26 Strrondin - - o I,

ucadm
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900

800 O Mass in 2 772.6 million tonnes of Li-lon Batteries

700 4+ B Global Reserves (2018) \
600 +

500 —+

400 —+

(million tonnes)

300 +

The transition to the green
energy

200 —+

100 +

Graphite

Copper

610 M tonnes
300 M tonnes
75 M tonnes 480 M tonnes

20 M tonnes

830 M tonnes

90 M tonnes 420 M tonnes

D. Raabe “The Materials Science behind Sustainable Metals
and Alloys” Chemical Reviews 2023 123 (5), 2436-2608 DOI:

10 M tonnes 90 M tonnes 10.1021/acs.chemrev.2c00799

https://countercurrents.org/2022/08/is-there-enough-metal-to-

‘ Global Reserves (2018) I Mass in 2772.6 million tonnes of Li-lon Batteries )
replace-oil
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* Some of the problems metallurgy faces today as a
result of its success
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Sustainable energy Steel is the largest single industrial
contributor to global warming through
its massive CO2 emissions which
primarily stem from the use of fossil
reductants in blast furnaces, a route
reasing which stands for about 70% of the

global steel production

Infrastructure

GDP / capita

Holappa, L. A General Vision for Reduction of Energy Consumption and CO2 Emissions from the Steel Industry. Metals (Basel) 2020, 10, 1117.
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Market growth projections for

g cVUEEN Upper estimate: steel (showing upper bound and
e 3.0 billion tons in 2050 lower bound estimates) and the
S 2500 - net redox equation which
= explains the massive CO2
j - 2000 - emissions associated with the
& carbon-based reduction of iron
& o0 oxide ores.
)
L= I
< 1000 Fe,0,+3CO = 2Fe +3CO, co}
5 R >
v
3 = oo
T 0-
1870 1890 1910 1930 1950 1970 1990 2010 2030 2050 Increasing CO, emissions

Year

Mercier, F.; Decarvalho, A.; Hijikata, T.; Ozturk, B.; Morenghi D.; Mattera, G.; Giua, L. OECD Data on Global Steel Market Developments; Global Steel Market
Developments.

D. Raabe “The Materials Science behind Sustainable Metals and Alloys” Chemical Reviews 2023 123 (5), 2436-2608 DOI: 10.1021/acs.chemrev.2c00799
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Direct CO, emissions

12 30%
0
10 —oememay 5% .
“-o\- Pl 0 o : : :
8 Sem—- 20% =  Thesteel industry is the single
o) |  ALUMINIUM Oo largest source of industrial
(O f ~ PULPEPAPER .\ ' 15% < CO2 emissions
G =
2
0
4 10% -§ The steel industry is
: — responsible for around
2 5% 5% of CO2 emissions in
the EU and 7% globally
0 0%

1990 1995 2000 2005 2010 2017

Reduction of Greenhouse Gas Emissions in Steel Production, Final Report, Dr Jai Kant Pandit, Dr Max Watson & Dr Abdul Qader, March 2020, CO2CRC Report No:
RPT20-6205 IEA. (2020). Iron and Steel Technology Roadmap
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__________________________ i
! ﬁ-:u2 emission (tC0ft steel)
|
_________________________ &€ Coallcoke
& Natural gas Main
¥ Electricity energy
& l’ iw
Sinter plant N Coke oven/BF/BOF gas
1300-1500°C

Blast fumace Basic oxygen fumace
1500°C 1600-1650°C

Alternative
metallic input

Pellet plant
1200-1350°C :
.
I r
|
L - s = ol

Simplified flow diagram and CO2 emissions of the BF-BOF route

Technologies to decarbonise the UE Steel industry. 2022. Joint Research Centre UE



@i dea P Some of the problems metallurgy faces today as a uedm
result of its success

o
=
o

Coal

800

600

Gas

400

200

Emissions
kilo tonnes CO2 / terawatt hours

Wind Solar

0
(b)

Rebound effect in the metallurgical sector for the case of power generation.

D. Raabe “The Materials Science behind Sustainable Metals and Alloys” Chemical Reviews 2023 123 (5), 2436-2608 DOI: 10.1021/acs.chemrev.2c00799
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a) CO2 emissions for
different metals per

F
F
F
e tonne of product.
—
-

Zinc

Nickel b) Total amount of CO2
s | | A | emissions for different
(@) Tonnes CO2e per tonne of product metals! Scaled by thelr

respective total

Steel '— production volumes.
—_
¢
P

Aluminium
Copper

Zinc,lead,tin,nickel

Gold, platinum, silver

0 0.5 1 1.5 2 2.5 . .
Van der Voet, E.; Van Oers, L.; Verboon, M.; Kuipers, K. Environmental

(b) Million tonnes CO-¢ Implications of Future Demand Scenarios for Metals: Methodology and
Application to the Case of Seven Major Metals. J. Ind. Ecol. 2019, 23, 141.
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pig iron
(a) 150 1800 1830 1870 1940 2008
cogenration = oomrS——— Pig iron production from
“sinteri 21200 g \ : ; :
Y% & hematite oxide by using coke
1d rolli boilers =
and finishings Nl 2% S 90 - R | as reductant
2@ e
) e
2 30 o
; ’ e
casting ) ¥ f } }
3% slccBn(m)a[!()mg 0 1 10 100 1000
( 3% production (x10° tonnes)
aluminium smelting
(b) 1890 1904 1922 1947 1970 2009
60 — primary bauxite  alumina . .
= thermodynamic limit casting___mining refining — Al uminum p ro d u Ct' on by
= 2% 0% 13% - . .. .
= prodiesion using electricity in the molten
40 o -
g salt electrolysis process
& .’?Q.Q
2 20 | | | "*-\
o
)
5
0 + | 4 4 4 {
1 10 100 1000 10000 100000

production (x10? tonnes)

Gutowski, T. G.; et al The Energy Required to Produce Materials: Constraints on Energy-Intensity Improvements, Parameters of Demand. Philos. Trans. R. Soc. A Math.
Phys. Eng. Sci. 2013, 371, 20120003.
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Nickel
Aluminum
Phosphorus

Iron Demand increase in

precious metals and
materials between 2019
and 2030.

Copper

Graphite

Lithium
Cobalt

Manganese

Source: Bloomberg/Statista
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* Tools available for metallurgy today.
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Can we solve the problems of

Metallurgy? @

Tools available for metallurgy today
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Tools available for metallurgy today

Advanced Characterization Techniques
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Advanced Characterization Techniques

In situ test techniques

SEM ® Across several length scales and at different temperatures:
FIB-FEGSEM Macro scale (SEM) Micro scale (SEM) Nano scale (TEM)
STEM e . /7

TEM -

ﬁ FEl Compatible

X-Ray Diffraction

X-Ray Tomography _~ > L

Sincrotron —— il

Nanoindentation K&W Tension-Compression Hysitron PI87HT Hysitron P195
10 kN, 650 °C 150 mN, 800 °C 10 mN

Atom Probe Tomography

From mm....
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Tools available for metallurgy today ucom

Rapid microstructural characterization of complex multiphase

Advanced Characterization Techniques
microstructures (phases and grain boundaries)in metallic materials

Grain boundaries in SS

1970s — 1980s:
Manual analysis of TEM data
1 week

deformed and recovered
Al alloy

Late 1990s — early 2020s:
EBSD analysis
1 day

e R
3D phase and IPF maps
of a DP steel

Nowadays:
Fast EBSD analysis 0.5-1 h,
3D EBSD analysis

Near future

+ Fast CPUs

» Robotization of the
preparation process
(MPIE)

« Al and ML-supported
tools for instant
analysis of the EBSD
raw data

4

Ultrafast EBSD
analysis (alsoin 3D)
1..10 min

A. Belyakov, T. Sakai. Metall.
Mater. Trans. A. 29 (1998) 161.

F.J. Humphreys. Journal of Materials
Science. 36 (2001) 3833

https://www.dierk-raabe.com/ebsd-
and-3d-ebsd/

M. Larmuseau, et. al. Race against the
Machine: can deep learning recognize
microstructures as well as the trained
human eye? Scripta Materialia. 193
(2021) 33-37.
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Advanced Characterization Techniques Case study: Deformation mechanisms

MoO/.

2° generation and 3°" generation TiAl intermetallics: Ti45AI2Nb2Mn0.8B vs. Ti43.5Al4Nb1
fesvgpenarn. |

- Good high temperature specific strength for aerospace
applications.

- Problem : Limited ductility and fatigue strength due to
complex deformation of fully-lamellar microstructures

ILoadlng axis

« Different length scales: }>>50nm-12um
Colony size >> 50— 100 um

Aim: understand deformation Lamei‘ae"‘ // . \
modes of TiAl colonies as a function - = —
of loading direction and lamellar l 2 ‘ e
width Colonies, d - Inwg:gwellgi/; T
} 3 A
Bulk e

Palomares-Garcia, A.J., Pérez-Prado, M.T., Molina-Aldareguia, J.M. Effect of lamellar orientation on the strength and operating deformation mechanisms of fully lamellar TiAl
alloys determined by micropillar compression (2017) Acta Materialia, 123, pp. 102-114.
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Advanced Characterization Techniques Deformation mechanisms

2° generation and 3°" generation TiAl intermetallics: Ti45AI12Nb2Mn0.8B vs. Ti43.5A14Nb1Mo00.8B
- Lamellar refinement through thermal treatments

Performed Heat treatments
1400 r

Soeidng tme 29 As-received 40°C/min 200°C/min
1200 - ‘ . ‘ :
1000 | % g %%5
) f iE
o §
% goor |
= [
400
| |—strip 007-Strip 011
2001/ |—Sirip 010-Strip 012
| .~ Strip 009-Strip 013 |
00 10 20 30 40 50 80 70
Time (min)
Slow cooling TEM
3
c
£150¢
3 Refinement
S
4] 100 L
- /
=
50 [
o
4000C/min 400C/min 40C/min

Cooling Rate



=i dea 9

UNIT

OF EXCELLENCE
MARIA

DE MAEZTU

Tools available for metallurgy today

Advanced Characterization Techniques

TiAl intermetallics: micropillar compression

Deformation mechanisms

@ Yield anisotropy determined by micropillar compression (L =5 ym)
@ Similar trends to those observed in bulk PST for other alloy compositions

T o T

250‘ \‘—

T b T

Ti-45A1 (Ti4522XD)
Ti-45A1-8Nb
Ti-48Al
Ti-49.3Al

/ This work
p Ti-45A1-2Mn-2Nb

/ ? | Ti-45A1-8Nb PST-

Ti-48Al - PST- Fujiwara
Phil Mag. A, 1990

1 Ti-49Al- PST- Nomura
Gamma Titanium Aluminides
TMS, 1990

0 10 20

R
30 40 50 60 70 80 90

T M 1 . T T

Lamellar Orientation @ (°)

X

ucom

Palomares-Garcia, A.J., Pérez-Prado, M.T., Molina-Aldareguia, J.M. Effect of lamellar orientation on the strength and operating deformation mechanisms of fully lamellar TiAl
alloys determined by micropillar compression (2017) Acta Materialia, 123, pp. 102-114.
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Advanced Characterization Techniques Deformation mechanisms

TIAl intermetallics: microtensile testing

- Microtensile testing: dog-bone micro tensile specimens machined by FIB

S e O

Palomares-Garcia, A.J., Pérez-Prado, M.T., Molina-Aldareguia, J.M. Effect of lamellar orientation on the strength and operating deformation mechanisms of fully lamellar TiAl
alloys determined by micropillar compression (2017) Acta Materialia, 123, pp. 102-114.
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Advanced Characterization Techniques Deformation mechanisms

TiAl intermetallics: microtensile testing

Palomares-Garcia, A.J., Pérez-Prado, M.T., Molina-Aldareguia, J.M. Effect of lamellar orientation on the strength and operating deformation mechanisms of fully lamellar TiAl
alloys determined by micropillar compression (2017) Acta Materialia, 123, pp. 102-114.
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. : Deformation mechanisms
Advanced Characterization Techniques

- Slip transfer analysis as a function of interface character
EBSD

BAND CONSTRAST IPF
@, =45° <

TEM

BOUNDARY MIS

NG| B T B2

- Easy slip transfer-

Domain boundaries
& OV interfaces

True-twin and
pseudo-twin
Interfaces

Palomares-Garcia, A.J., Pérez-Prado, M.T., Molina-AIdareguia, J.M. Effect of lamellar orientation on the strength and operatin
alloys determined by micropillar compression (2017) Acta Materialia, 123, pp. 102-114.

ucadm

rmation mechanisms of fully lamellar TiAl
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Advanced Characterization Techniques

Design of optimal heat treatments using Gleeble system
1200

1000 -
800 -

600 -

PTemp

400

200

V=
Left: a Q&P treatment in a GLEEBLE chamber; Right

a typical Q&P thermal cycle applied to stainless
steels, where temperatures and times are varied.

. . . —
200 0 200 400 600 800 1000 1200 1400 1600
Time(sec)

Courtesy Dr. I. Sabirov
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Advanced Characterization Techniques

Processing Microstructure Properties

On macro- and micro-scales
On macro-, micro- and nano-scales

= QP-0.25
— QP-0.28

TR
T
1400 F
§ 1200:—
% 1000 F
O.LAALAA‘.A PEPEPES PP PP STy (%800*-
0 100 200 300 400 500 £ oo}
Time (s) é o ——QP4-100
& —— QP3-500
- . - - - - - zw _de'm
Microstructural design in advanced metallic materials via thermo-mechanical 0 g
processing to improve their mechanical and application-related properties. Engineering Strain (%)

P. Xia, F. Canillas, I. Sabirov. Mater. Sci. Eng.
M. Valdes-Tabernero, et. al. Mater. Characterization. 155 (2019) 109822. A. 793 (2020) 139829.
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Processing—microstructure—properties
Advanced Characterization Techniques relationship in Q&P stainless steels

LLGHELOLAD i GO gt

H(GPa)

I H(GPa) Er(GPa) [ H(GPa)
-55,440 140 a0 2060 2
i A
10,38 \. 1956
200+ g
-55,445 9,360 4 ’ 1851
8,340 150 57604 174,7
’g i 7,320 g g ’ ¢ 164,2 :g)
’ O E 2
= 100 > 57,606
55,455 6300 1538
-57,608 - ‘ os
5,280 50 2
-
-55,460 4,260 -57,610 4 132,8
0.
2 7 8 9 10 11 12 h_ 1224
3,240 H(GP T T T T H(GPa)
138 210 138 205 138 200 138 195 138 190 (GPa) 140,724 -140,721 -140,718 -140,715 -140,712
X(mm) X(mm)

The effect of chemistry on nanohardness distribution in Q&P treated steels. Left: EBSD phase
map, analyzed area, relevant nanohardness distribution map and histogram of nanohardness

Courtesy Dr. I. Sabirov distribution for a low alloyed steel; Right: for a highly alloyed steel.
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Substrate traverse

Advanced Characterization Techniques N 20002 Smmis 200W Tmmis

Laser beam

Metals processing: In-situ Direct |
Energy Deposition of Ti64 el pool——_ _ 2

Laser beaml

>10
Time, t(s)

X-rays
Visible light
X5 , | aser beam
Substrate| memw==s Powder
plate

Multi-layer melt track morphologies. Representative radiographs of
powder DED AM Ti-6242, showing the variation in melt pool and track
_ morphologies with different substrate traverse speeds and a laser
X Ray Tomog raphy power of 200 W, a powder feedrate of 1 g/min. Scale bar = 500 ym. Note
Y. Chen, et al. Additive Manufacturing 41 (2021) 101969 that substrate traverse direction is reversed for layer 2.
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200W 1mm/s

Advanced Characterization Techniques

Metals processing: In-situ Direct Energy Deposition of Ti64

T L T IR

—

Y. Chen, et al. Additive Manufacturing 41 (2021) 101969
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Advanced Characterization Techniques CYCLESE PERSPECTIVEE TOPWIEWE

In-situ fatigue studies in Ni Superalloys
Detector 200k N/AR N/AZ
Beamstop

40KE]

>

Source

B  XCT+ DCT at Synchrotron | ..,

900Kz
111

Courtesy Dr. F. Sket
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Tools available for metallurgy today

Advanced Characterization Techniques

Modelling and simulation
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Modelling and simulation

Tools available for metallurgy today

From alloys & processes to microstructures to properties

nm um mm m
4 N ( . 7 - -
Atomlstlcs Bulk and MU|tISC&|e M t t I Macroscale Cont|n.uum Macroscop|c and
interfacial crostructura thermo-mechanics local thermo-

dendritic
energies ' :

(e.

7

r

lengths selection

grain size)

g. spacings,

: Temperature

mechanical history

2

Quantitative
microstructure
growth dynamics

Phase-field for
microstructure growth

—)

J "

Phase field modeling of
microstructure evolution

(100}, , (00},

\]/ {0011,

Microstructure
predictions

L [ Computational )
thermodynami

JBS

Microstructure-aware
micro/macro-mechanics

selection

Quantitative dynamics
of phase
transformations
(e.g. precipitation) and
grain coarsening
Equilibrium,
Free energies
& phase

ucom
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Modelling and simulation

Virtual testing of SLM Hastelloy-X

Strong influence of processing parameters in response using the same powder

Process parameters Defects:
* Laser power e Surface roughness
* Scan speed * Porosity
* Hatch distance
*  Layer thickness Microstructure

* Scanning direction Processing
* Energy density

* Grainsize
* Grain aspect ratio
* Grain orientation
* Twinning

Building direction and geometry
* Horizontal and vertical

* Thickness of sample

If the SLM resulting microstructure is given (experimentally or predicted by virtual testing), is it posible to
predict the macroscopic response?

J. Segurado, R. Lebensohn and J.LLorca, Computational Homogenization of Polycrystals. Advances in Applied Mechanics ,51, 1-114, 2018
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Modelling and simulation Virtual testing of SLM Hastelloy-X: Tensile response
_ o Experiments
Computational homogenization of polycrystals allowed to 800
determine the macroscopic response for different fabrication o

directions and speciment thicknesses:

Stress (MPa)
N
(=]
o

Origin of differences in mechanical response ONLY due to 300 —emosmm
polycrystalline microstructure 200 — v auk sampie xvo01)
100 4 —— exp: 1.2mm First batch: (Z)

—— exp: 1.2mm Second batch: (Z)

0 T T T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Strain

Virtual tests

-.‘\Jl.lmm

800

700 4

Flat 0.5X
Flat 1.2Z

~——— prediction 0.5mm: (X)
— fitting bulk sample Z :(Z)

Stress (MPa)
B~
o
(=]

200 4 —— prediction bulk sample XY90:(Y)
Bulk Z —— prediction 1.2 mm first batch:(Y)
100 —— prediction 1.2 mm first batch:(Z)
BUIk X —— prediction 1.2 mm second batch:(Z)
FIEL0.81mm 0.000 0025 0050 0075 0100 0125 0150 0175 0.200
. 025 0.05 075 0. 125 0.15 175 0.
Flat 1.2 mm Strain

S. Lucarini, M. Upadyhay, J. Segurado, FFT based approaches in micromechanics: fundamentals, methods and applications. Modelling and Simulation in Materials Science
and Engineering 30 023002, 2022
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Modelling and simulation Fatigue life prediction

* In many cases nucleation of cracks take the majority of fatigue life.
* Nucleation is strongly influenced by microstructure (pores or cracks or just grains) :
* Accumulation of plastic slip—=2>slip bands(persistent slip bands)
* Persistent slip bands = microscopic cracks
* Nucleation can be modeled by studying accumulation of plasticity or some FIP on the hot-spots
of the microstructure through micromechanical simulations
e Life can be related with FIP accumulated using simple phenomenological expression

Step: Step-1 Frame: 0
al Time: 0.000000

SDVE
(A 75%¢

Y

A

2 X

C. M. Pilgar, A. Fernandez, S. Lucarini, J. Segurado, Effect of printing direction and thickness on the mechanical behaviour of SLM fabricated
Hastelloy-X, International Journal of Plasticity, 103250, 2022
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Modelling and simulation Fracture of polycrstals

Phase-field fracture can be combined with crystal
plasticity and FFT-based homogenization to study
the effect of microstrucure in crack propagation of
polycrystals

—06

Oe+
[0.8
!

PKlstress11

04 — 2e+9
04

PKlstress11

<z &

- b
o |

0.0e

02 Z &

I e+
-2.5e-07 l

02

C. M. Pilgar, A. Fernandez, J. Segurado, Microstructure sensitive fatigue life prediction model for SLM fabricated Hastelloy-X, International Journal of Fatigue, 2023
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Understand, model & predict the emergence

& evolution of complex microstructure in

advanced materials

Multiscale modeling of microstructure formation in additive manufacturing

CalPhaD

=

Laser
Radiation
Ry 1

TS » FE Thermal
simulation

Powder Bed

PF Solidification
simulation

Substrate

-~
~-—~o
~—~

~~~~

-
Se-—a
S e o e

Elahi et al. Comput. Mater. Sci. 209 (2022) 111383

0° 30° 60°  90° 120° 150° 180°

> v F AR

Phase-field
Accurate but costly

Cellular Automaton
Approximate but fast

0° 30° 60° 90°
Elahi et al. Comput. Mater. Sci. 216 (2023) 111882

ucom
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Understand, model & predict the emergence & evolution

Modelling and simulation
of complex microstructure in advanced materials

Effect of fluid flow on dendritic growth Solid-state microstructure evolution during heat treatment

After similar heat treatment @ 850°C

i _2090 \L - 1590 As-printed microstructure
= ;'\ y — E “sed ” ""“" “'0"5 . Experimental EBSD Tﬂ’ Phase field results
A Al A WSS

A /A 2 LN

0 A A 4

/ () ;\\ ) /\ = Groupin:bv grain i

//( KQ.} \Q @ basal orientations

“ \\j \ g/ Region 2

&

4
|
\
f«s

Lat 1

===

e
=

T
vy
=

Concentration ¢/ at.%Al Melt Velocity V

Isensee & Tourret Acta Materialia 234 (2022) 118035
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Tools available for metallurgy today

Advanced Characterization Techniques

Modelling and simulation

Artificial inteligence/Machine learning
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Al-assisted alloy and process design

physics chemistry  material science  engineering
month 4
week + = I |
9 T Process engineering operates on
K o various length and timescales
s ((\0 which are linked with specific
& min + ) i )
0 models, simulations, unit
A .
s s+ operations, process parameters,
o and conons.
3 : molecule
T clusters small |:|
% lmolecules ] intermediate -
PS & large ]
1;;n 1r'\m 1;1m 1r;1m 1r'n 1km -

length scale

Thon, C., Finke, B., Kwade, A. and Schilde, C. (2021), Artificial Intelligence in Process Engineering. Adv. Intell. Syst., 3: 2000261.
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Al-assisted alloy and process design

Growth in effective compute
3 3 3 3

—
e

ki
o
°

2012 2013 2014 2015 2016 2017 2018 2019
Year

Approximated growth in effective compute between 2012
and 2018 with respective factors.

Computing efficiency of computers has
been continuously increasing, whereas
Its cost saturated.

In the near future, the application of Al
will enable new levels of process
automation and process optimization.
The prediction of highly complex
production system behaviour will be
possible.

Over all, labor-intensive research
procedures currently occupying years
could be reduced to weeks or less,
cutting costs, reducing resource
consumption.

Thon, C., Finke, B., Kwade, A. and Schilde, C. (2021), Artificial Intelligence in Process Engineering. Adv. Intell. Syst., 3: 2000261.

ucadm
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Al-assisted alloy and process design

Nanoscal Microscale Mesoscale

/ Al alloy _ cnvaivy ‘

I @@= -
[ ~ Copper  Wrought Iron T_” Mg a oyl Refra?tory alloy

| | /1 |
(R}
5000 B.C. 3000 B.C. 1850 1900 1950 2000
Year

Raabe, D., Mianroodi, J.R. & Neugebauer, J. Accelerating the design of compositionally complex materials via physics-informed artificial intelligence. Nat Comput Sci 3, 198—-209
(2023).
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Al-assisted alloy and process design

/ Strength & Features \
2

4
80, = AG(AS(, + abs,)}C}

80 = 2((0.633r, ~ 2 ))/(0.633r, + 12 )
.

-

88y = (9/8) ) Cibpgr- :,l’-

-d
840 =2((x ‘ol'))/(‘c +xpr-)i W

Q.. - (9/8)) Cibor 1

y

Predicted value

®Powder metallurgy ®Random forest regressor ®Order of feature importance  ®Quantitative Relationship

gt gt S b

e = e

» Data set construction » Training and testing set » Correlation map » Phase constitution » Zr-Ti-Hf
» Features acquisition » RFR, LIN, SVR, ... » Exhaustive selection » Dislocation motion » Ti-Nb-Ta, ...

(i) constructing the database and acquiring the features; (ii) selecting models; (iii) screening features; (iv)
establishing a quantitative relationship between the key features and mechanical properties.

Shengping Si et.al. “Study on strengthening effects of Zr-Ti-Nb-O alloys via high throughput powder metallurgy and data-driven machine learning”, Materials & Design, 2021,
109777.
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Al-assisted alloy and process design

Feat tructi Correlation Screening
cature construction
Data (85 features)

Collection lie= E Ra(llltiofzr;tfrzls’)est
| Feature selection
Data = Forward selection
-+~ 5  Preprocessing Database . (10 features)
Modeling Best-subset selection
(5 features)
Database Establishment Model Construction
A\ e, Virtual Space
\ =~ ]
.'“:; ,JJ JJ\ ) :aa °
D > 2 2 JJ e [ ) o
D P " s . Predicted HV
| ) | . s
y 29
x‘ . 2, JJ J,J )J\Jo\ooJ\o_
F cilial Optimized Composition
Hardness Test Arc Melting Inverse Projection High-throughput Screening
Experimental Validation Composition Optimization

Diagram of machine learning-based alloy design system for the HEAs with desired hardness.

Chen Yang, et.al. “A machine learning-based alloy design system to facilitate the rational design of high entropy alloys with enhanced hardness”, Acta Materialia, 2022, 117431
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Multiscale Materials Modelling: Metals, Composites, Nanomaterials, Advanced Porous Materials,...

Virtual Processing

) € UGS GO

e

tessssssst
o FeENRNNNSN

HCLOLOL
| SPSORLEOS

atomic structure u-structure thermo-mechanical
processing

Virtual Testing

laminate structure
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What about the future?.

“Greener” technologies
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We have to move to “greener” technologies

Hydrogen based Direct Reduction

c ’ IRON ORE - PELLETS

HYDROGEN GAS
& WATER

STEEL SCRAP Z

L
—m
|
)

e
w € £
HYDROGEN GAS H,

I Direct CRUDE STEEL
Reducted —

[ron

Source: Steel Institute VDEO
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We have to move to “greener” technologies

Tungsten electrode

Input gas

Water-cooled Cu hearth

Hematite

Experimental setup for hydrogen-plasma-based smelting reduction of iron oxides
with a process using a 10% H2-90% Ar gas mixture to produce the plasma.

Souza Filho, et.al. “Sustainable Steel through Hydrogen Plasma Reduction of Iron Ore: Process, Kinetics, Microstructure, Chemistry”. Acta Mater. 2021, 213, 116971.
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What about the future?. ucdm

We have to move to “greener” technologies

H ydrogen production

Conversion ' P /]All'
ransim ssion

R econversion

Wz

separation

B monia
production

Hydrogen

Ammonia

Ma, Y., et al.Reducing Iron Oxide with Ammonia: A Sustainable Path to Green Steel. Adv. Sci. 2023, 2300111. https://doi.org/10.1002/advs.202300111
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“Greener” technologies

Recycling
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Recycling

1000 - mOldscrap |~ ------------- asranfenanees -----------

m New scrap

®m Home scrap

' '
' ' ] '
' ' ' '
O i oo oo v i o 3 -
' ' '
L '

(million tons of iron/y)

Scrap consumption

200 -----mmmeeeohonn et

1900 1925 1950 1975 2000 2025 2050

Oda, J.; Akimoto, K.; Tomoda, T. Long-Term Global “Availability of Steel Scrap”. Resour. Conserv. Recycl. 2013, 81, 81-91.
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Recycling

High-Entro
WFCC
Commodity powders MHCP
\"5?6 WBCC

' Fe base
Co base

Ni base

001 010

HCP
120

José M. Torralba, S. Venkatesh Kumaran, Development of competitive high-entropy alloys using commodity powders, Materials Letters, 2021, 130202,.
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What about the future?.

Urban mining and e-waste mining

‘}tﬂFE 12

[

mr'

On average, the total weight
(excluding photovoltaic
panels) of global EEE
consumption increases
annually by 2.5 million metric
tons (Mt).

In 2019, the formal
documented collection and
recycling was 9.3 Mt, thus
17.4% compared to e-
waste generated.

ucodm

Forti V., Baldé C.P., Kuehr R., Bel G. The Global E-waste Monitor 2020: Quantities, flows and the circular economy potential. United Nations University (UNU)/United Nations
Institute for Training and Research (UNITAR) — co-hosted SCYCLE Programme, International Telecommunication Union (ITU) & International Solid Waste Association (ISWA),

Bonn/Geneva/Rotterdam.
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Urban mining and e-waste mining

" % \‘.\

;"”! N N\ N
from 3-4 t \ .
mobile phones \ B

| S8R
M

!‘

‘ from 200 t ore “»
1kg Au or

Hagelliken, C.; Corti, C. W. Recycling of Gold from Electronics: Cost-Effective Use through “Design for Recycling.”. Gold Bull. 2010, 43, 209-220.
Park, Y. J.; Fray, D. J. Recovery of High Purity Precious Metals from Printed Circuit Boards. J. Hazard. Mater. 2009, 164, 1152-1158.

ucom
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Recycling
Urban mining and e-waste mining

Sustainable alloy concept



mi, dea Q- What about the future?. ucdm

Sustainable alloy concept

Microstructure-Oriented versus Composition-Oriented Alloy Design

_ ap
Yield strength R, (MPa) / L /féﬁ-}
l/l\‘/s‘&\ . I L

600 4
n°°°‘ Mg/
\“““6 g\“o“ = E X
500 ¢o e = 2“5 v
A Z 8L, @
L o~ :1‘95 Range
400 ! 3 (R ra B ag 0 influenced by
& Y a2sa28 |2 microstructure
>y E2z2gd Q & processing
300 ; 5,': ol g {i b Q
S22 887 = dre
D T B 5. 2
2001 £ 8§ % T
S = 7 - v,
b E <
Main - (( 3 o =
alloying 100 Mg, ¥ J
g e
elements Q“‘su K 9§ =
0 >
Alloy

Kammer C. Aluminum and Aluminum Alloys. In: Warlimont H, Martienssen W, editors. Springer Handb. Mater. Data. Springer Handbooks, Springer, Cham; 2018.
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Sustainable alloy concept

Fe-7.4Mn-0.34C-1Si-0.2V wt %

Multiple-transversal

4 forging
Austenization
. -'f -Rotation
e ;
- Tempering
g Air cooling
g‘ Air cooling
= _Ambient N/ ____
temperature
Deep cryogenic treatment >

What about the future?. ucdm
40GPa-%
N = HSLA steels
A25 i \‘ S 2 Thi | A Maraging steels
> o e, W e ¢ Nano-bainite steels
c 20 - '“C:i‘:\a‘o * Hot-pressing steels
= * ‘. | \.:if ........ ¢ Medium-Mn steels
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LiY, Yuan G, Li L, Kang J, Yan F, Du P, Raabe D, Wang G. Ductile 2-GPa steels with hierarchical substructure. Science. 2023 Jan 13;379(6628):168-173.
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Complexity for free

AM enables new geometric shapes...

Cost Conventional
A manufacturing
OUTLINE
COMPLEXITY
FOR FREE

Additive
manufacturing

» ...at NO ADDITIONAL COST
Complexity
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Cradle to gate primary energy results
for case study components

Runze Huang et al. Energy and emissions saving potential of additive manufacturing: the case of lightweight aircraft components, Journal of Cleaner Production, Volume 135,
2016, (1559-1570)
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_ _ v' Less material.
Weight reduction v Reduced waste.

v Less energy consumption during transport.

TRADITIONAL DESIGN AM OPTIMIZED DESIGN

>
Source: SAVING project source: SAVING project

> Aconventional steel buckle weights 155 g" > Titanium buckle designed with AM weighs 70 g — reduction

> Weight should be reduced on a like-for-like basis of 55%
within the SAVING project > For an Airbus 380 with all economy seafing (853 seats),

> Project partners are Plunkett Associates, Crucible this would mean a reduction of 2.5 kg

Industrial Design, EOS, 3T PRD, Simpleware, > QOver the airplane’s lifetime, 3.3 million liters of fuel or
Delcam, University of Exeter approx. EUR 2 m could be saved, assuming a saving of
45,000 liters per kg and airplane lifetime

ucadm
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Life Cycle Assessment (LCA) Report: Comparative LCA of a Low-Pressure Turbine (LPT) Bracket

by Two Manufacturing Methods
Golisano Institute for Sustainability Rochester Institute of Technology (March 28, 2023)

Traditional version (left) and AM-designed bracket (right).
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Rough Machining

Step 1 Step 2 Step 4 Step &

P
-

Step 9

Step 2 Step 4

Siepls Step 12 Step 11 Step 10 Step 9 Step 8

Life Cycle Assessment (LCA) Report: Comparative LCA of a Low-Pressure Turbine (LPT) Bracket by Two Manufacturing Methods
Golisano Institute for Sustainability Rochester Institute of Technology (March 28, 2023)
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Energy and emissions impact
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Additive manufacturing Traditional manufacturing

Life Cycle Assessment (LCA) Report: Comparative LCA of a Low-Pressure Turbine (LPT) Bracket by Two Manufacturing Methods
Golisano Institute for Sustainability Rochester Institute of Technology (March 28, 2023)
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Conclusions of the CA Report:

Analysis of an AM-made bracket’s use phase relied on a model of a long-haul Boeing-767 flight
from London to Boston. We discovered through this simulation that a lighter weight version of the
conventional LPT bracket would, over the course of the aircraft’s lifetime, significantly lower its

overall fuel consumption. The reduction in fuel use over that period would offset about 20,225 kg
CO2-eq through the lightweighted design.

This investigation found that the sustainability benefits of a lighter airplane that could be attributed
to 24 LPT brackets—each weighing 51.6 percent less than the conventional versions—were more
than enough to counterbalance those of the parts’ cradle-to-gate life cycle. And AM presents a

unique pathway for reducing the mass of products, which will lower costs, emissions, and other
Impacts purely through the use of less material.

Life Cycle Assessment (LCA) Report: Comparative LCA of a Low-Pressure Turbine (LPT) Bracket by Two Manufacturing Methods. Golisano Institute for Sustainability
Rochester Institute of Technology (March 28, 2023)
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3D printing of efficient e-motors

(b)

Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier.com/locate/matdes

Selective laser melting of a Fe-Si-Cr-B-C-based complex-shaped
amorphous soft-magnetic electric motor rotor with record dimensions
Lena Thorsson *, Mattias Unosson ®, Maria Teresa Pérez-Prado ", Xueze Jin", Paola Tiberto®,

Gabriele Barrera®, Bastian Adam , Nico Neuber ©, Amirhossein Ghavimi®, Maximilian Frey“,
Ralf Busch®, Isabella Gallino **

*Ex
5,

wden
906 Getafe, Madrid, Spain

©INRIM,
“ saariand University. Chair of Merallic Marerials, Campus €6.3, 661.23 Saarbricken, Germany

Call:
Pathfinder-Open

»AM2SoftMag*
Additive Manufacturing of
Amorphous Metals for
Soft Magnetics
3,5 MEuro

European
Innovation
Council
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Sustainable technologies 3D printing in aerospace

-‘:.‘-

-

ITP Aero desingn and manufacture a main structure of a new
airplane engine UltraFan® through SLM
19/10/2021
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Some final remarks:

Metallurgy has been a substantial part of mankind's development. Without Metallurgy, there
would never have been the technological breakthroughs that have led to our current
development as a society.

Metallurgy, as an industry, is responsible for producing the largest volume of raw materials
necessary for the functioning of our society, in particular through the production of steel.

And this need for raw materials (their acquisition and transformation), necessary in the main
economic sectors, puts in the hands of the metallurgical industry the need to solve two major
problems:

- The need to reduce the consumption of critical materials.

- The need to reduce greenhouse gas emissions.

But Metallurgy today has the resources to look to the future and solve these problems with
solvency:

- Advanced characterization tools.
- Modelling.
- Artificial intelligence, machine learning

ucadm



Some final remarks:

Establishing the paths that will allow us to
move towards concepts of sustainable

metallurgy.
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