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= Q: Which challenges in the next Robot
generation?

= A: «there are different aspects to be
considered, the first one is, definitely, the
material. The goal is to create soft robot which
means flexible, adaptable, materials. Only in
this manner the interaction with human will
become «soft»....so we look the materials,
then sensors, motors etc.»
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Nanomaterials Market!

] $15 m||||0n (2015) World Nanomaterials Market

- = S55 million (2022) s - —=

Metal & Non
C - = (3 3 s
Carbon-Based Metal Oxide Metals Dendrimers ﬂ

Paints & Coatings

ST itanium Dioxida = RTINS
*ZiscOxide Nanoclay Sealants
-::Jicq: nic:;; ‘ *  Healthcare & Life
*Alumunum - .
rCerium Oxida - ey
-Antimany Tin Oxide Nanocellulose & * Energy

y »Copper Oxide « Electronics &
*Bitut Oxide Consum er Goods
*Copait Oxide Personal Care

*Iran Oxide
Moagnecium Ot e
*ManganesaOxide
*Zicomum Osde

Cthers

' About Manufacturing?

( 1 Allied Market Research Report 2015.
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Approaches!

=  Bottom-up

=  Top-down

Bottom-up: Top-down:
Building complex Fabrication of
structures from Nanoscale structures
' building blocks from the bulk material

1 Peter Rodgers, Nanofabrication: Top down, bottom up, Nature Nanotechnology, 2006
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Milling Applications N
Particle size reduction
/
=  Minerals Processing N
Solid-state alloying
. . j
=  Ceramics Processing N
Mixture or blending
/
=  Powders Metallurgy N
‘ Particles shape changes

' Main Objectives!

1 Hans J. Fecht, Nanostrucutred Materials and Composites prepared by solid state processing.
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Type of Mill devices!

=  Tumblers mills

= Attrition mills Choice of milling equipment

=  Shaker mills

‘ =  Vibratory mills

=  Planetary mils

< 1 C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.
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Type of Mill devices!

=  Tumblers mills

= Attrition mills

Wind mill Flour Mill 4 kW coffee Mill
=  Shaker mills

‘ =  Vibratory mills

=  Planetary mils

1 C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.
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Type of Mill devices!

=  Tumblers mills

= Attrition mills R
Wind mill Flour Mill 4 kW coffee Mill

= Shaker mills
= Vibratory mills o Laboratory
2 = TS \
=  Planetary mils & n
Al Ei

V.&NL\

Horizontal mills Planetary Shaker

1 TP Yadav, RM Yadav, DP Singh, Nanoscience and Nanotechnology 2012, 2: 22-48
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Research and technological impact

= 20.000 Publications (Scopus)

‘ = 30.000 Patents (Orbit)

(
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Number of Publications
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Number of Publications

Notes on the J. Lawrence Smith Fusion

MARK O. LAMAR, WALLACE M. HAZEL, AND WM. J. O'LEARY
Norton Company, Research and Chemical Laboratories, Worcester, Mass.

8 MANY prominent
A analysts continually
fail to agree on the alkali
content of rocks, minerals, re-
fractory substances, and the
like, and report different results
on one and the same material
after preliminary treatment by
the J. Lawrence Smith method
of fusion, it has been thought
worth while to deseribe some
of the experiences met in the
Norton Company Research
Laboratories with the .J
Lawrence Smith treatment of
difficultly attackable materials,
in the hope that the results may
lead to some improvement of the
method as now standardized.

International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017

There have been pointed out several
of possible disagr between
different analysts over the alkali content of
the same material when using the standard
J. Lawrence Smith fusion. Since different.
substances are not thereby decomposable
to the same extent, it has been suggested
that the samples first be ground to some
standard size, that the fusions be made
at a higher temperature than is now cus=
tomary, that the caleium carbonate and
ammonium chloride flux be mixed together
by ball-milling, and that correction of the
mixed chlorides for a panying magi
sium be appropriately emphasized. The
suggested improvements have been applied
in the analysis of so-called beta-alumina.

—

all these materials are inherently
much more difficult to decom«
pose with ammonium chloride~
caleium carbonate than the
highly siliceous materials, such
as rocks, usually examined for
alkalies. In analyzing them for
sodium and potassium it hasbeen
found (1) that comparable dis-
integrations by the J. L. Smith
method can be obtained only
when the samples have been
ground to a comparable, con-
trolled size; (2) that highly alu-
minous samples low in silica
must be ground so that all the
sample passes 200-mesh, and
that an “impalpable feel” is not
a sufficient criterion to Insure
complete decomposition; (3)
that the highest temneratire of
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Standardization of the alkali content method
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. 15tin 1935 by J. O’Leary et al. o 1400 - N
5 y 1967 1
'-g 1200 : —
. Effect of Ball Milling = y I .
2 1000 : s
=
a . : .
. Synthesis of the 1° solid-solution ‘S 800 - I -
1
2 oo : ‘
600 —
E l
— =] ] I J
- s 2400 4 I §
Journal of Catalysis I
‘ v Volume 8, Issue 2, June 1967, Pages 189-196 - I -
ELSEVIER 1
200 A . s
Solid solution formation in the TiCl3-AlCl; system | 1 i
E.G.M. Torngvist, J T Richardson, ZW. Wilchinsky, R W Looney 1
0 I ! I 1 T T T J T
@ Show more 1940 1960 1980 2000 2020
https://doi.org/10.1016/0021-9517(67)90302-8 Get rights and content
Year (1935-2015)
Abstract

Solid solutions of TiCl, and AICI4 can be formed either directly by a cocrystallization reaction
or by ball milling mixtures of TiCl; and AICI; powers. The following evidence has been
obtained for the presence of solid solutions: (a) X-ray diffraction shows only one phase

which is isomorphous with TiCl5; (b) the lattice parameters vary in a systematic manner with SO I i d So I utio n S h aVi n g St ru Ct u res i SO m 0 rp h O u S

change in composition; (c) AICI; cannot be easily sublimed from these preparations; and (d)

the magnetic susceptibility dependence on temperature is the same for the ball-milled 1 t h _T. C I
with y-TiCl;.

mixtures as for the cocrystallized preparations, but distinctly different from the nonmilled
mixtures.
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. 15tin 1935 by J. O’Leary et al. ) 1400 +
< ! !
'-E 1200 —
. Effect of Ball Milling = ' .
2 1000 - —
=
o : 1
. Synthesis of the 1° solid-solution ‘S 800 -
= i ;
. £ 600 -
. Synthesis of alloys by HE BM g i 1
4

‘ 400 -
200

Dispersion Strengthened Superalloys by 0 | : | | | |
Mechanical Alloying 1940 1960 , 1980 2000 2020

JOHN 5. BENJAMIN Year (1935-2015)

A new process called “mechanical alloying’’ has been developed which produces homogeneous

composite particles with an intimately dispersed, uniform internal structure. Materials formed

by hot consolidation of this powder achieve the long-sought combination of dispersion strength-

ening and age-hardening in a high temperature alloy. While the process is amenable to making

a variety of alloys, its first use has been to combine yttrium oxide and gamma prime hardening

in a complex nickel-base superalloy. Typical stress rupture properties are 40,000 psi for 100 . .

hr at 1400°F and 15,000 psi for 100 hr at 1900°F together with excellent sulfidation and M h I AI I

cyclic oxidation resistance. From a fundamental standpoint, results show that the age-harden- a n ew p ro Cess (( e C a n I Ca Oyl n g )) escs s
( ing dominates the low-temperature strength, dispersion sirengthening dominates at high tem-

perature, and the two are augmentative in the intermediate temperature range 1300° to 1500°F.
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A new process called “mechanical alloying’’ has been developed which produces homogeneous
composite particles with an intimately dispersed, uniform internal structure. Materials formed
by hot consolidation of this powder achieve the long-sought combination of dispersion strength-
ening and age-hardening in a high temperature alloy. While the process is amenable to making
a variety of alloys, its first use has been to combine yttrium oxide and gamma prime hardening
in a complex nickel-base superalloy. Typical stress rupture properties are 40,000 psi for 100
hr at 1400°F and 15,000 psi for 100 hr at 1900°F together with excellent sulfidation and
cyclic oxidation resistance. From a fundamental standpoint, results show that the age-harden-
( ing dominates the low-temperature strength, dispersion sirengthening dominates at high tem-

perature, and the two are augmentative in the intermediate temperature range 1300° to 1500°F.
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- 15tin 1935 by J. O’Leary et al. o 1400- :
Y Y g {1 *  Metal Composites 1977 -
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Dispersion Strengthened Aluminum Made
by Mechanical Alloying

J.S. BENJAMIN AND M. J. BOMFORD

Dispersion strengthened aluminum with excellent combinations of electrical conductivity
and tensile strength at room and elevated temperatures has been produced by mechani-
cal alloying. The strength levels, obtained with only about 2.75 to 5.4 vol pet dispersoid
(AL:O; plus carbon), equal or surpass those of conventionally produced SAP containing
11.5 vol pet AL:Os. The electrical conductivity is considerably higher than that of SAP
with comparable strength. It is concluded that these superior properties are due to a
finer, more equiaxed dispersoid and a better dispersoid distribution than found in con-

( ventionally produced SAP.
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J.S. BENJAMIN AND M. J. BOMFORD

Dispersion strengthened aluminum with excellent combinations of electrical conductivity
and tensile strength at room and elevated temperatures has been produced by mechani-
cal alloying. The strength levels, obtained with only about 2.75 to 5.4 vol pet dispersoid
(AL:O; plus carbon), equal or surpass those of conventionally produced SAP containing
11.5 vol pet AL:Os. The electrical conductivity is considerably higher than that of SAP
with comparable strength. It is concluded that these superior properties are due to a
finer, more equiaxed dispersoid and a better dispersoid distribution than found in con-

( ventionally produced SAP.
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Dispersion strengthened aluminum with excellent combinations of electrical conductivity
and tensile strength at room and elevated temperatures has been produced by mechani-
cal alloying. The strength levels, obtained with only about 2.75 to 5.4 vol pet dispersoid
(AL:O; plus carbon), equal or surpass those of conventionally produced SAP containing
11.5 vol pet AL:Os. The electrical conductivity is considerably higher than that of SAP
with comparable strength. It is concluded that these superior properties are due to a
finer, more equiaxed dispersoid and a better dispersoid distribution than found in con-

( ventionally produced SAP.
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. Amorphous Alloys - Metallic Glasses 1400

1200 -
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‘ 400
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Number of Publications

| | 1
Preparation of “amorphous” NigogNb,, by mechanical alloying 1940 2000 2020

T T,
1960 198D
C.C. Koch,® O.B. Cavin, C. G. McKamey, and J. O. Scarbrough
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 Year (1935-2015)

{Received 4 August 1983; accepted for publication 9 September 1983)

*“Amorphous™ NigNb,, has been prepared by mechanical alloying of elemental nickel and
niobium powders in a laboratory ball mill in controlled environments. X-ray diffraction was used
to follow the progress of the mechanical alloying which eventually produced “amorphous™
diffraction patterns similar to those for liquid quenched amorphous NigNb,,. Crystallization
behavior was measured by differential scanning calorimetry for the mechanically alloyed and
liquid quenched material. The differences that were observed in this behavior, and in the products

i of crystallization, may be attributed to impurities (especially oxygen) introduced during
mechanical alloying.
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Solid State Amorphization (SSA)
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Amorphous Alloys - Metallic Glass

. Nanocrystalline  metals, alloys
intermetallic compounds, ceramics,
composites and nanocomposites

( PL Martin and DA Hardwick

Number of Publications
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PERGAMON Progress in Materials Science 46 (2001) 1-184 == e ence

www_elsevier.com/locate/pmatsci 1 400 - —

2 1
c J I -

Mechanical alloying and milling (@)

—— 1

S 1200 - . .
C. Suryanarayana (141
——

7 of ical and Materials Engineering, Colorado School of Mines, Golden, _2 h 1 7

CO 80401-1887, USA — 1
2 1000 - 1 —

3 1
Abstract o T 1 T
Mechanical alloying (MA) is a solid powder ing repeated qa 800 - 1 -

welding, fracturing, and rewelding of powder particles in a high-energy ball mill. Originally 1

developed to produce oxide-dispersion strengthened (ODS) nickel- and iron-base [ . 1
for in the industry. MA has now been shown to be Q T T

capable of synthesizing a variety of equilibrium and jum alloy phases starting 0 1
from blended el 1 or powders. The ilibri phases hesized 600 - I —

include supersaturated solid solutions. metastable crystalline and qn4>1cr\slallnne phases, E I

nanostructures, and amorphous alloys. Recent advances in these areas and also on

disordering of ordered i llics and hi ical synthesis of materials have been - T 1 T

critically reviewed after discussing the process and process variables involved in MA. The zZ 1
often vexing problem of powder contamination has been analyzed and methods have been 400 -] ]

suggested to avoid/minimize it. The present understanding of the modeling of the MA 1

process has also been discussed. The present and potential applications of MA are 1
described. Wherever possible, comparisons have been made on the product phases obtained 1 9

by MA with those of rapid solidi ing, another i 1
technique. © 2001 Elsevier Science Ltd. All rights reserved. 200 - 1 -

1
J 1 -

0 1

I ! I [ ! 1 T
1940 1960 1980 2000 12020

Year (1935-2015)

Ball milling as a non-equilibrium processing method
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Stable Nanocrystalline Alloys
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Nanocrystalline

Number of Publications
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Enthalpy of Segregation (kJ/mol)
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Enthalpy of Mixing (kJ/mol)

rical development ic ARL5S8, @ SUPER

Bw
V-

1600
1400 -
1200 —
1000 —
800 —
600 —
400 —

200 -

Scopus source

‘ Tongjai Chookajorn, Heather A. Murdoch, Christopher A. Schuh, Design of Stable Nanocrystalline Alloys, Science 2012:
( 337, 951-954.
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The Mechanism of Mechanical Alloying

J. S. BENJAMIN AND T. E. VOLIN
1600

The mechanical alloying process is a new method for p: metal p S co pus So u rce

with controlled microstructures. It is unique in that it is an entirely solid state process,
ing dispersion of phases such as refractory oxides and addition of reac-

tive alloying such as and of the

occurs by repeated cold welding and fracture of free powder particles. Refinement of 1 400 -1

structure is approximately a logarithmic function of time, and depends on the mechanical

energy input to the process and work ing of the being d. A con-
dition of steady state pi is ieved marked by saturation (constant)
hardness and constant particle size distribution, although structural refinement continues.
Evidence of this is presented, and the nature of the cold welding and characteristics of the
processed powder are described.

1200 -
1000 -
800 -

600 -

‘ 400
200

Number of Publications

l e T |
1940 1960 1980 2000

' Year (1935-2015)

T
2020

( Mechanism of mechanical alloying
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The Mechanism of Mechanical Alloying
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J.S. BENJAMIN AND T. E. VOLIN 1600 -

The mechanical alloying process is a new method for p: metal p S co pus So u rce

with controlled microstructures. It is unique in that it is an enurely solid state procesa,
dispersion of phases such as refractory oxides and addition of reac-
tive alloying such as and of the ing
occurs by repeated cold welding and fracture of free powder particles. Refinement of 1 400 -
structure is approximately a logarithmic function of time, and depends on the mechanical
energy input to the process and work ing of the being d. A con-
dition of steady state pi is ieved marked by saturation (constant)
hardness and constant particle size distribution, although structural refinement continues.
Evidence of this is presented, and the nature of the cold welding and characteristics of the
processed powder are described.

1200 -

The Physics of Mechanical Alloying: A First Report 1000 +

D.R. MAURICE and T.H. COURTNEY
In this paper, we present a first attempt to define the basic geometry, mechanics, and physics 800
of the process of mechanical alloying. The geometry of the collision events which lead to par-
ticle fragmentation and coalescence is modeled on the basis of Hertzian contacts between the
grinding media which entrap a certain amount of material volume between the impacting sur-
faces. This geometry essentially defines the volume of material affected per collision, and from
this information and characteristics of the specific mill and the material being processed, impact
times, powder strain rates and strains, powder temperature increase, powder cooling times, and
milling times can be approximated.

600 -

Number of Publications

400

200

! ! UL Q !
1940 1960 1980 2000

Year (1935-2015)

T
2020

( Mechanism of mechanical alloying
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The Mechanism of Mechanical Alloying

J. S. BENJAMIN AND T. E. VOLIN 1 600 A

The mechanical alloying process is a new method for p: metal p S co pus So u rce

with controlled microstructures. It is unique in that it is an enurely solid state procesa,
dispersion of phases such as refractory oxides and addition of reac-
tive alloying such as and of the ing
occurs by repeated cold welding and fracture of free powder particles. Refinement of 1 400 -
structure is approximately a logarithmic function of time, and depends on the mechanical
energy input to the process and work ing of the being d. A con-
dition of steady state pi is ieved marked by saturation (constant)
hardness and constant particle size distribution, although structural refinement continues.
Evidence of this is presented, and the nature of the cold welding and characteristics of the
processed powder are described.

1200 -

The Physics of Mechanical Alloying: A First Report 1000 +

D.R. MAURICE and T.H. COURTNEY
In this paper, we present a first attempt to define the basic geometry, mechanics, and physics 800
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The Mechanism of Mechanical Alloying

J. S. BENJAMIN AND T. E. VOLIN

The mechanical alloying process is a new method for p: g metal p
with controlled microstructures. It is unique in that it is an entirely solid state process,
dispersion of phases such as refractory oxides and addition of reac-
tive alloying such as and of the ing
occurs by repeated cold welding and fracture of free powder particles. Refinement of
structure is approximately a logarithmic function of time, and depends on the mechanical
energy input to the process and work ing of the being d. A con-
dition of steady state pi is ieved marked by saturation (constant)
hardness and constant particle size distribution, although structural refinement continues.
Evidence of this is presented, and the nature of the cold welding and characteristics of the
processed powder are described.

The Physics of Mechanical Alloying: A First Report

D.R. MAURICE and T.H. COURTNEY

In this paper, we present a first attempt to define the basic geometry, mechanics, and physics
of the process of mechanical alloying. The geometry of the collision events which lead to par-
ticle fragmentation and coalescence is modeled on the basis of Hertzian contacts between the
grinding media which entrap a certain amount of material volume between the impacting sur-
faces. This geometry essentially defines the volume of material affected per collision, and from
this information and characteristics of the specific mill and the material being processed, impact
times, powder strain rates and strains, powder temperature increase, powder cooling times, and
milling times can be approximated.

Mechanical Alloying of the Fe-Zr System.
Correlation between Input Energy and End Products.

N. BURGIO, A. IasoNNA, M. MAGINI(¥), S. MARTELLI and F. PADELLA

Amorphous Materials Project, TIBIENEA, CRE
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The Mechanism of Mechanical Alloying

J. S. BENJAMIN AND T. E. VOLIN

The mechanical alloying process is a new method for p: g metal p
with controlled microstructures. It is unique in that it is an entirely solid state process,
dispersion of phases such as refractory oxides and addition of reac-
tive alloying such as and of the ing
occurs by repeated cold welding and fracture of free powder particles. Refinement of
structure is approximately a logarithmic function of time, and depends on the mechanical
energy input to the process and work of the being d. A con-
dition of steady state pi is ieved marked by saturation (constant)
hardness and constant particle size distribution, although structural refinement continues.
Evidence of this is presented, and the nature of the cold welding and characteristics of the
processed powder are described.
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of the process of mechanical alloying. The geometry of the collision events which lead to par-
ticle fragmentation and coalescence is modeled on the basis of Hertzian contacts between the
grinding media which entrap a certain amount of material volume between the impacting sur-
faces. This geometry essentially defines the volume of material affected per collision, and from
this information and characteristics of the specific mill and the material being processed, impact
times, powder strain rates and strains, powder temperature increase, powder cooling times, and
milling times can be approximated.
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Correlation between Input Energy and End Products.
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( D.R. MAURICE and T.H. COURTNEY, The Physics of Mechanical Alloying" A First Report, METALLURGICAL TRANSACTIONS A, VOLUME 21A, FEBRUARY 1990--289
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hanochemistry: a modern science ic aRUESO @ SUPERM%é»

. = Friedrich Wilhelm Ostwald (2 September 1853 — 4 April 1932)

= Nobel Laureate in Chemistry - 1909

' = |n 1887, he coined the term “mechanochemistry”, as a
part of physical chemistry as  thermochemistry,
electrochemistry, or photochemistry

Mechanochemistry is the chemistry in which the
thermodynamic state variables and functions of a given
chemical system, including at least one solid phase, change in
response to the effects of non-hydrostatic mechanical stresses,
and of the resulting plastic strain.
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ICARUSS @ SUPERM‘%

THEOPHRASTI

DE LAPIDIBYVS
LIDEK,

= 3 century BC - Theophrastus of Eresus
— De Lapidibus (On Stones)

edb sApriavo Traveso
Limitave domaticr.

LVTETI A,

‘ Reduction of Cinnabar

Ex Officina Federici Morelli Typographi Regi,

invico lacobgo, ad inhigne Fontis.

HgS + Cu > Hg+ CuS

M. D EXXVIIL

CVM PRIVILEGIO REGIS

L. Takacs, The h|stor|cal development of mechanochemistry, Chem. Soc. Rev., 2013, 42, 7649
er nanocomposites via ball milling: Present status and future perspectives, Progress in Materials Science
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' What about the process?

. D.L. Zhang, Prog. Mater. Sci., 2004, 49, 537
. F. Delogu, G. Cocco, Materials Science and Engineering, 2003, 343, 314
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2

CHEMICAL REACTION

™
h-‘

,‘ PLASTIC DEFORMATIONS

QR

ELASTIC DEFORMATIONS

C. Suryanarayana, Prog. Mater. Sci., 2001, 46, 1
. C. Xu, S. De, A. M. Balu, M. Ojeda and R. Luque, Chem. Commun., 2015,51, 6698
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at different scale.. caruge @ SUPERMf%.u.
g ,

=  Quantification of mechanochemical
parameters on absolute scale

= Kinetics of the mechanochemical
transformations and statistical
approach

' = |nsight into atomistic processes

(
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M*oscopic scale.. cARLSS, @ SUPERM:@%

£ o

=  Quantification of mechanochemical
parameters on absolute scale

= Kinetics of the mechanochemical
transformations and statistical
approach

' = |nsight into atomistic processes

(
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e Surface chemistry
Dissociative chemisorption properties
(Geometric and Electronic Factors)

e Microscture

Well-established characterization
' routines for highly defective fine
powders
' * Milling dynamics

Control of the milling parameters
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con(ted to milling intensity |CA|ql_Jg—_';e ' SU pERMg‘_
/T

Parameters connected to milling intensity

Extensive Factor Intensive Quantity
Impact Energy, E Collision Frequency, N
1 o
y £ [Joule] = Sm(wp + v,)? [hits™"]
K )
f
{ Milling Intensity, | = EN;
[Watt]
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ial/dmeics caRuUgse, @ supERM&

1
E [Joule] = Sm(vp + v,)? Collision ball - flat base vial

lag

-

Intensity, a.u
=

0.060 0.085 0.110

' Time, 1, s
Magnetic sensor Vial in extreme position

Piezo transducer

G. Cocco, F. Delogu, L. Schiffini, Journal of Materials Synthesis and Processing, 2000, 8, 167-180
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tem’neous catalysis cAaRUSS, @ SUPEnmﬁé,

7

ar s

: mol
Conventional Turnover Frequency ir ( ] =

m,S n

A Mechanochemical turnover Frequency, MTF, can be obtained by considering
the mass fraction processed at the impact, m,;, , and the impact frequency, N

)
mol » 1 MTF gives the number of molecules
MITF o )T e N transformed per hit per surface atom
o pi = SpATS T of the active phase, i
MT, [ ’”‘)]J S — 1 1 MT_ is the instantaneous yield per
' atJ ) m7S, n., N E surface atom of the active phase, i

G. Mulas, R. Campesi, S. Garroni, F. Delogu, C. Milanese, Applied Surface Science, 2011, 257, 8165-8170
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|CARl_1€'=}“® SUPERM‘%

) N
CO/H, > hydrocarbons
RT, FeCo
(FesgCoso) (Fes,Coso)/TiO,
14 4
12p = CHq . L+ CHy . ’
N ol o total hydrocarbons o X 3t .
g o $ .
g 8 o ° Is 2 B .
: of :
S 4 ° o .
o | i .. S ! .
' © 2 o ° et o
0 g : . * * 'n i L X 0 .‘- L L L L 1 . 1 N 1 L
0 40 80 120 160 200 0 20 40 60 R0 100 120
Time, 1, h Time, #, h

' Mechanochemically induced FT reaction on FeCo catalysts showed high selectivity
with respect to methane when FeCo powders were dispersed in TiO, support.

( G. Mulas, R. Campesi, S. Garroni, F. Delogu, C. Milanese, Applied Surface Science, 2011, 257, 8165-8170
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vl;:r,-Qnanostructured FeCo |CA|=u_g$Ge® SU PERM%
' /e

sample TOF [Doeaes | pqrpp [moemies] g7 | motecutes |
FeopCogg 344 105 051 x 10-E 0,14
(FeCo)/(TiDz) 1.76 = 107° 4.8 = 107 0,59
Mechanically Activated Thermically Activated
TOF
(400 K)
‘ 13.8 x1073

MTOF is of the same order of magnitude of TOF measured for the similar system
' activated by thermal treatment

G. Mulas, R. Campesi, S. Garroni, F. Delogu, C. Milanese, Applied Surface Science, 2011, 257, 8165-8170
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MQscopic scale... cAaRUSS, @ SUPERM:@%

r o

= Quantification of
mechanochemical parameters on
absolute scale

= Kinetics of the mechanochemical
transformations and statistical

‘ approach

' = |nsight into atomistic processes

(
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N*a:opic scale... cAaRUSS, @ SUPERM%
r ,

Why is so difficult to gain experimental insight into mesoscopic scale?
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) N

Why is so difficult to gain experimental insight into mesoscopic scale?

50

Journal of Materials Science

Mechanically activated metathesis reaction in NaNH2-MgH2 powder mixtures
--Manuscript Draft--

Manuscript Number: JMSC-D-17-00792R1
Full Title: Mechanically activated metathesis reaction in NaNH2-MgH2 powder mixtures
Article Type: Special: Mechanochemical Synthesis
Keywords: Mechanochemistry; ball milling; kinetic model; metathesis reaction; hydrides.
Corresponding Author: Sebastiano Garroni, Researcher

Universidad de Burgos

Burgos, SPAIN
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PN

Why is so difficult to gain experimental insight into mesoscopic scale?

Journal of Materials Science

Mechanically activated metathesis reaction in NaNH2-MgH2 powder mixtures
--Manuscript Draft--

Manuscript Number: JMSC-D-17-00792R1

Full Title: Mechanically activated metathesis reaction in NaNH2-MgH2 powder mixtures
Article Type: Special: Mechanochemical Synthesis

Keywords: Mechanochemistry; ball milling; kinetic model; metathesis reaction; hydrides.
Corresponding Author: Sebastiano Garroni, Researcher

Universidad de Burgos

‘ Burgos, SPAIN

No real information about mechanism of reaction: crystal 1 + crystal 2 = crystal 3 + crystal 4.
' For instance, what is a mechanism of mass transfer?

51 International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017
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How can we characterize the mechanism of the mechanically induced reaction?
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Stainless steel
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NATURE PROTOCOLS | PROTOCOL

In situ and real-time monitoring of
mechanochemical milling reactions using
synchrotron X-ray diffraction

Ivan Halasz Simon A J Kimber Patrick J Beldon Ana M Belenguer Frank Adams Veijo
Honkimaiki Richard C Nightingale Robert E Dinnebier Tomislav Friséié¢

Affiliations | Contributions | Corresponding author

Nature Profocols 8, 1718-1729 (2013) | doi:10.1038/nprot.2013.100
Published online 15 August 2013
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This protocol results good for achieving macroscopic mechanism

NATURE PROTOCOLS | PROTOCOL

In situ and real-time monitoring of
mechanochemical milling reactions using
synchrotron X-ray diffraction

Ivan Halasz Simon A J Kimber Patrick J Beldon Ana M Belenguer Frank Adams Veijo
Honkimaiki Richard C Nightingale Robert E Dinnebier Tomislav Friséié¢

Affiliations | Contributions | Corresponding author

Nature Profocols 8, 1718-1729 (2013) | doi:10.1038/nprot.2013.100
Published online 15 August 2013
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Since these species are quite lightweight, we have to push our experiments to the
femtosecond time scale. Furthermore.....

\ Vn
Milling Ball

Powder trapped at each collision: 0.1 mg

Powder involved in trasformation: 0.34%

Milling Ball

57 International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017
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IcARUSS @ SUPERMf%.u,

Since these species are quite lightweight, we have to push our experiments to the
femtosecond time scale. Furthermore.....

Powder trapped at each collision: 0.1 mg

Powder involved in trasformation: 0.34%

Milling Ball

Also for the most expert scientist in TEM characterization could be impossible to find
0.00034 mg in 8 g of powders.
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IcARUSS @ SUPERMf%.u,

Since these species are quite lightweight, we have to push our experiments to the
femtosecond time scale. Furthermore.....

Powder trapped at each collision: 0.1 mg

Powder involved in trasformation: 0.34%

Milling Ball

Also for the most expert scientist in TEM characterization could be impossible to find
0.00034 mg in 8 g of powders. Be patient!
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Kinetic Model: “five commandments” caruse @ SUPERM%
& o e sT

» Collisions are randomly distributed over the whole powder charge

I « Asmall fraction of the powder charge is involved in each collision

» Powders are perfectly homogenized after each collision.

» Phase transformations occur on a fraction of the trapped powders as a result of the
mechanical deformation processes associated to the collisions

« Times of the order of the collision duration are required for the phase
transformations to occur

60 International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017
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x bt

dxo(n) = —kx,(n)dn
Mass fractions never impacted

dyxi(n) = —ky;(n)dn + kx;_1(n)dn

'Mass fractions impacted once, X;, twice, X,, ««-:.-

F. Delogu, G. Cocco, Materials Science and Engineering, 2003, 343, 314
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G

dXo(n) = —k xo,(m)dn Xo(n) = e~
Mass fractions never impacted

dxi(n) = —kx;(n)dn + kx;_1(n)dn :: > x;(n) = [(kn)t /il] e kn

‘Mass fractions impacted once, X;, twice, X5, -:...

)

k represents the phenomelogical rate constant referred to the number of impacts
' n for the given transformation process

F. Delogu, G. Cocco, Materials Science and Engineering, 2003, 343, 314
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Intensity , a.u.

rphization of NiTi, caRLSe, @ SUPER

) N

1.0

0.8

©

0.6

04

02} Q

L

0 2 4 6 8

20 40 60 80
Diffraction angle , 26 0.0

Amorphous fraction , «

Number of collisions , n (10°)

<F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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) N

x;(n) = [(kn)t /i!]] e~ kn

2.5

Intensity , a.u.

! | : | 1
‘ 20 40 60 80
Diffraction angle , 260

<F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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Number of collisions , n (106)




~ 0.851 4

0.68
0.51¢

L /
0.34 2,

Intensity , a.u.

Z3 )(4

Mass fraction , 7

0.17

0.00 |
‘ L 0 5 10 15 20

20 40 60 80 . . 6
Diffraction angle , 26 Number of collisions , 7 (10°)

' Upon 2x108 collisions the contribution to the amorphous fractions is due to the powders
impacted for the first time

4
’ 4
~ F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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o

=  Quantification of mechanochemical
parameters on absolute scale

= Kinetics of the mechanochemical
transformations and statistical
approach

' = |nsight into atomistic processes

(
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tical*pects.... cAaRUSe, @ SUPERME

= Mechanochemical processes take place under non-equilibrium conditions, the
chemical reactivity being promoted by unbalanced mechanical forces.

=  Mechanical deformation occurs on a local basis, being mediated by dislocations
and other lattice defects

)

it must be expected that the mechanical activation induces mass transport

processes different from the ones operating under thermal activation conditions,

with a significant impact on the physical and chemical behavior of solids at
' different scales.

P. Balaz, et al. Chem. Soc. Rev., 2013, 42, 7571-7637
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A look to the atomistic processes in metals...

0 -
5,% 3000 e
T . 2000}
£ 2 o @ E ﬂr °
s ) < % 1000} 4
' > .
8 2 0 . . : . :
0.046 ns 0.105 ns ;’7 S 00 05 10 15 20 25 30
Time , 7 (ns)
o ‘éﬁﬁi 5 Diffusion-like dependence on
- z ti
‘ 0.168 ns 0.225 ns ‘
Rotation of
clusters Shear-induced displacements

Frictional sliding faster than thermal ones

{P. Balaz, et al. Chem. Soc. Rev., 2013, 42, 7571-7637
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Collision

@ E 16
g
QOOQOCEOOC s 1ol _
Z ERELRTIRE :
SL O =
Gy =
O = e
5 8t o
z &
— O
‘8 Q
b o}
- = 4r 2°
Nl “5 <
600 ps ) o
=
S 0 . : :
= 0.0 0.2 0.4 0.6 0.8

ﬁ Time , 7 (ns)

In the case of collision events, the mixing of atomic species displays two different
' regimes characterized by different apparent diffusion rates

(
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A look to the atomistic processes in metals...

Temperature , 7, (K)

0.0 (0.2 04 06 08 1.0
Time , 7 (ns)

High local temperatures

Stress-induced mixing of Ni and Zr at a frictional collision

l
¢
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The interaction of surface asperities generates liquid-like regions
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On a larger scale...

Vorticity induces the
refinement of the
microstructure in Cu-Fe.

== t=0 g== t=150 == t=646

Kelvin-Helmholtz shear instabilities
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Gradual Mechanically-induced self-propagating reaction (MSR)

1.0
3
- o .
=
¥y sz o
© 06} o 2
- = pl:}
7)) L
o 04} o
= (OT
5 | @ 2
o 021 Q CEJ y
0.0M - - ' 22 b
0 2 4 6 8
Number of collisions . n (106) 0 500 1000 1500 2000 2500 3000 3500
’ Time (s)
' Ni-Ti — Si-C
Fe-Co Ti-C
Cu-Nb LiNH,-AICl,
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* Bi+ Te = Bi,Te;

Semiconductor with a efficient thermoelectric material for
refrigeration or portable power generation.
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. Bi+Te > Bi,Te,

Semiconductor with a efficient thermoelectric material for
refrigeration or portable power generation.

nawure ARTICLES
materlals PUBLISHED ONLINE: 22 AUGUST 2016 | DOL: 10.1038/NMAT4732

Melt-driven mechanochemical phase
transformations in moderately exothermic
' powder mixtures

Samuel A. Humphry-Baker2*, Sebastiano Garroni?, Francesco Delogu® and Christopher A. Schuh’
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resenl*uecollision carugse, @ supERMEu,

« Critical Loading Condition
(CLC)

)

| «— thermometer

V <— powder

heating . I
Jacket

. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732

75 International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017

) 7 \\ 2. 4




lC/—\F*L—l‘$9 SUPERME

Components melted and flowed as liquid

. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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« Splash marks

Molten Bi is formed

. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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Smooth monotonic increase, but faster than gradual reaction

. S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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The rate constant, k, is related to the volume fraction of product
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' E, = smallest possible collision energy that give rise to any reaction

S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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' Bi melting is the kinetically controlling process of the reaction

S.A. Humphry-Baker, S. Garroni, F. Delogu and C. Schuh, Nature Materials , 2016, DOI: 10.1038/NMAT4732
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New mechanochemical process has
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been discovered
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...... ..But we are in front of an
unexplored territory...........

= Organic

= Organometallics

= Polymers

Wanderer Uber dem Nebelmeer
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__:..Enjoy Sardinia

“Sardinia is out of time and hiStOI‘V" David Herbert Lawrence, Sea and Sardinia, 1921
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after one collision the powder charge
includes two volume fractions of powder
processed zero and one times, and
respectively. After two collisions, the
volume fraction of powder processed two
times, , will also appear. After n collisions,
the volume fraction of powder that has
never been subjected to CLCs can be
expressed as

fc-[”"’lj: fﬂ-[ﬂ]_kfﬂ[ﬂ]

Accordingly, each collision  makes
decrease by the fraction . A similar
expression can be written for the fraction

‘ of powder processed i times after n
collisions. As shown below,

()= 7(0-1)-k z(n-1)+k 7, (n-1).
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The thickness of such layer increases with time according to a power law similar to the
one characteristic of thermal diffusion, although on a different time scale
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A look to the atomistic processes in metals...

Role of surface
asperities

Stress-induced mixing and material transfer at the Au-Ru interface

(

92 International Spring School on Forefront Alloys and Advanced Materials for Extreme Conditions, Sardinia, Italy, 15 to 17 May 2017

T 7T \Urw




