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▪ Professor Darwin Caldwell

iCub
(RobotCub Consortium)
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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 Market1

▪ $15 million (2015)

▪ $55 million (2022)

About Manufacturing?

1 Allied Market Research Report 2015.

Nanomaterials

5
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Approaches1

▪ Bottom-up

▪ Top-down

1 Peter Rodgers, Nanofabrication: Top down, bottom up, Nature Nanotechnology, 2006

Manufacturing of Nanomaterials
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Mechanical Milling
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Milling Applications

▪ Minerals Processing

▪ Ceramics Processing

▪ Powders Metallurgy

1 Hans J. Fecht, Nanostrucutred Materials and Composites prepared by solid state processing.

Mechanical milling

8

Main Objectives1

Particle size reduction

Solid-state alloying

Mixture or blending

Particles shape changes
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Type of Mill devices1

▪ Tumblers mills

▪ Attrition mills

▪ Shaker mills

▪ Vibratory mills

▪ Planetary mils

1 C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.

Mechanical milling

9

Choice of milling equipment
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Type of Mill devices1

▪ Tumblers mills

▪ Attrition mills

▪ Shaker mills

▪ Vibratory mills

▪ Planetary mils

1 C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.

Mechanical milling

10

Wind mill Flour Mill 4 kW coffee Mill
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Type of Mill devices1

▪ Tumblers mills

▪ Attrition mills

▪ Shaker mills

▪ Vibratory mills

▪ Planetary mils

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

Mechanical milling

11

Wind mill Flour Mill 4 kW coffee Mill

Horizontal mills Planetary Shaker

Industry Laboratory
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Wind mill Flour Mill 4 kW coffee Mill

Horizontal mills Planetary Shaker
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Research and technological impact

▪ 20.000 Publications (Scopus)

▪ 30.000 Patents (Orbit)

Ball milling

13
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Research and technological impact

▪ 20.000 Publications (Scopus)

▪ 30.000 Patents (Orbit)

Ball milling
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Ball milling: Historical development

15

▪ Exponential Growth
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▪ 1st in 1935 by J. O’Leary et al.

Ball milling: Historical development

16

1935

Standardization of the alkali content method
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▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

Ball milling: Historical development

17

❖ minerals

❖ proteins

❖ metals

❖ ceramic

1935 1966



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

▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

Ball milling: Historical development

18

1967

Solid solutions having structures isomorphous
with γ-TiCl3. 
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▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

▪ Synthesis of alloys by HE BM

Ball milling: Historical development

19

1970

a new process «Mechanical Alloying»…….
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▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

▪ Synthesis of alloys by HE BM

Ball milling: Historical development

20

1970• Oxide Dispersion-
Strengthened (ODS) alloys

• Mechanical Alloying

• Alloying at atomic level

1970



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

▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

▪ Synthesis of alloys by HE BM

Ball milling: Historical development

21

1970• Metal Composites

• Metal Compounds

• New Materials with 
unique properties

1977
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▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

▪ Synthesis of alloys by HE BM

Ball milling: Historical development

22

1970-80
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▪ 1st in 1935 by J. O’Leary et al.

▪ Effect of Ball Milling

▪ Synthesis of the 1° solid-solution

▪ Synthesis of alloys by HE BM

Ball milling: Historical development
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1970-80

ODS
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▪ Amorphous Alloys - Metallic Glasses

Ball milling: Historical development

24

1983
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▪ Amorphous Alloys - Metallic Glasses

Ball milling: Historical development

25

Solid State Amorphization (SSA)
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▪ Amorphous Alloys - Metallic Glass

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

Ball milling: Historical development

26

PL Martin and DA Hardwick
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Ball milling: Historical development

27

Ball milling as a non-equilibrium processing method
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Ball milling: Historical development

28

Mg-

Al-

Co-

Ni-

Ti-

C-

W-
▪ Binary, thernary and

multicomponents alloys



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

Ball milling: Historical development

29

Mg-

Al-

Co-

Ni-

Ti-

C-

W-
▪ Binary, thernary and

multicomponents alloys

▪ Stable Nanocrystalline Alloys

Tongjai Chookajorn, Heather A. Murdoch, Christopher A. Schuh, Design of Stable Nanocrystalline Alloys, Science  2012:
337, 951-954.
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Ball milling: Historical development

30

Mechanism of mechanical alloying
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Ball milling: Historical development
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Mechanism of mechanical alloying
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Ball milling: Historical development
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Mechanism of mechanical alloying
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Ball milling: Historical development

33

Mechanism of mechanical alloying

F. Delogu et al.
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Ball milling: Historical development
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Mechanism of mechanical alloying

F. Delogu et al.
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Ball milling: Process

35

▪ Milling Parameters
and Basic Process

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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Mechanochemistry: a modern science

36

▪ Friedrich Wilhelm Ostwald (2 September 1853 – 4 April 1932)

▪ Nobel Laureate in Chemistry - 1909

▪ In 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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Mechanochemistry: a long history

37

L. Takacs, The historical development of mechanochemistry, Chem. Soc. Rev., 2013, 42, 7649
F. Delogu, Fabrication of polymer nanocomposites via ball milling: Present status and future perspectives, Progress in Materials Science
86, 2017, 75–126

▪ 3rd century BC - Theophrastus of Eresus
– De Lapidibus (On Stones)

HgS + Cu                          Hg + CuS

Reduction of Cinnabar
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At impact…..

38

• D.L. Zhang, Prog. Mater. Sci.,  2004, 49, 537

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

What about the process? 
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At impact….

39

• 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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Investigation at different scale..

40

▪ Quantification of mechanochemical 
parameters on absolute scale 

▪ Kinetics of the mechanochemical 
transformations and statistical 
approach

▪ Insight into atomistic processes

Macroscopic

Mesoscopic

Microscopic



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

Into the Macroscopic scale..

41

▪ Quantification of mechanochemical 
parameters on absolute scale 

▪ Kinetics of the mechanochemical 
transformations and statistical 
approach

▪ Insight into atomistic processes

Macroscopic

Mesoscopic

Microscopic
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A quantitative approach

42

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

• Microscture
Well-established characterization 
routines for highly defective fine 
powders

• Milling dynamics
Control of the milling parameters
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Parameters connected to milling intensity

43

Impact Energy, E Collision Frequency, Nf

Extensive Factor Intensive Quantity

Parameters connected to milling intensity

Milling Intensity, I = ENf
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Ball-vial dynamics

44

Piezo transducer

Magnetic sensor
Vial in extreme position

Collision ball - flat base vial

G. Cocco, F. Delogu, L. Schiffini, Journal of Materials Synthesis and Processing, 2000, 8, 167-180
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For heterogeneous catalysis

45

Conventional Turnover Frequency

A Mechanochemical turnover Frequency, MTF, can be obtained by considering

the mass fraction processed at the impact, mhit , and the impact frequency, N

MTF gives the number of molecules

transformed per hit per surface atom

of the active phase, i

MTE is the instantaneous yield per

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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Synthesis FT on nanostructured FeCo

46

G. Mulas, R. Campesi, S. Garroni, F. Delogu, C. Milanese, Applied Surface Science, 2011, 257, 8165-8170
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G. Mulas, R. Campesi, S. Garroni, F. Delogu, C. Milanese, Applied Surface Science, 2011, 257, 8165-8170

Mechanically Activated Thermically  Activated 

MTOF
(300 K)

4.8 x 10-2

TOF
(400 K)

13.8 x 10-3

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

Synthesis FT on nanostructured FeCo
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Into the Mesoscopic scale…

48

▪ Quantification of 
mechanochemical parameters on 
absolute scale 

▪ Kinetics of the mechanochemical 
transformations and statistical 
approach

▪ Insight into atomistic processes

Macroscopic

Mesoscopic

Microscopic
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Into the Mesoscopic scale…

49

Why is so difficult to gain experimental insight into mesoscopic scale?
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Into the Mesoscopic scale…

50

Why is so difficult to gain experimental insight into mesoscopic scale?
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Into the Mesoscopic scale…

51

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

No real information about mechanism of reaction: crystal 1 + crystal 2 = crystal 3 + crystal 4. 

For instance, what is a mechanism of mass transfer?
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Into the Mesoscopic scale…

52

How can we characterize the mechanism of the mechanically induced reaction?
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Into the Mesoscopic scale…

53

Stainless steel
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Into the Mesoscopic scale…

54

Quartz

Stainless steel
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Into the Mesoscopic scale…

55
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Into the Mesoscopic scale…

56

This protocol results good for achieving macroscopic mechanism
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Into the Mesoscopic scale…

57

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%  
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Into the Mesoscopic scale…

58

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% 

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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Into the Mesoscopic scale…

59

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% 

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”

60

• Collisions are randomly distributed over the whole powder charge

• A small 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
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Kinetic model: equations

61

Mass fractions never impacted

Mass fractions impacted once, χ1, twice, χ2, ……

• F. Delogu, G. Cocco, Materials Science and Engineering, 2003, 343, 314
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Kinetic model: equations

62

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

Mass fractions never impacted

Mass fractions impacted once, χ1, twice, χ2, ……

k represents the phenomelogical rate constant referred to the number of impacts
n for the given transformation process
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Case study: amorphization of NiTi2

63

F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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Case study: amorphization of NiTi2

64

F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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Case study: amorphization of NiTi2

65

Upon 2x106 collisions the contribution to the amorphous fractions is due to the powders
impacted for the first time

F. Delogu,, G. Cocco, Materials Science and Engineering A, 2003, A343, 314-317
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Into the Microscopic scale..

66

▪ Quantification of mechanochemical 
parameters on absolute scale 

▪ Kinetics of the mechanochemical 
transformations and statistical 
approach

▪ Insight into atomistic processes

Macroscopic

Mesoscopic

Microscopic
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Theoretical aspects….

67

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

▪ 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.
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At atomic level….

68

Frictional sliding

A look to the atomistic processes in metals…

Rotation of 
clusters

Diffusion-like dependence on 
time

Shear-induced displacements 
faster than thermal ones

P. Balaz, et al. Chem. Soc. Rev., 2013, 42, 7571-7637
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At atomic level….

69

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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At atomic level….

70

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

A look to the atomistic processes in metals…

High local temperatures

The interaction of surface asperities generates liquid-like regions
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Ball milling: at atomic level….

71

Kelvin-Helmholtz shear instabilities

On a larger scale…

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

72

Gradual Mechanically-induced self-propagating reaction (MSR)

Ni-Ti
Fe-Co
Cu-Nb

Si-C
Ti-C
LiNH2-AlCl3

Time (s)

Te
m

p
e

ra
tu

re
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Mechanochemical reactions

73

• Bi + Te  Bi2Te3

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

74

• Bi + Te  Bi2Te3

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

75

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

• Critical Loading Condition

(CLC)
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Typical Impact

76

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

Components melted and flowed as liquid
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Typical Impact

77

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

78

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

• Splash marks

Molten Bi is formed
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Kinetic Analysis

79

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

In
creasin

g
m

illin
g

tim
e

n
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Fraction vs collisions

80

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

Smooth monotonic increase, but faster than gradual reaction
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k vs E(J) 

81

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

E0 = smallest possible collision energy that give rise to any reaction

The rate constant, k, is related to the volume fraction of product
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The minimum collision

82

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

Bi Tm = 544 K

Bi melting is the kinetically controlling process of the reaction
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Mechanochemical processes

83

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

New mechanochemical process has been discovered
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Final Remarks

84

……..But we are in front of an
unexplored territory………..

▪ Organic

▪ Organometallics

▪ Polymers
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Thank you for your attention…..
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“Sardinia is out of time and history” David Herbert Lawrence, Sea and Sardinia, 1921

….Enjoy Sardinia

https://en.wikipedia.org/wiki/David_Herbert_Lawrence
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Kinetic Model

89

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

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,

       111 1   nknknn iiii  . 
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Kinetic Model
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At atomic level….

91

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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At atomic level….
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Stress-induced mixing and material transfer at the Au-Ru interface

A look to the atomistic processes in metals…

Role of surface
asperities


