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Abstract:

In recent years, smart materials are gaining scientific and technical attention due
to their properties, and in particular Nitinol (NisoTiso), has excellent properties such as
mechanical, electrical and chemical.

In addition, in the field of application, Nitinol has great applications such as
military science, medical science and aerospace with new applications like smart
clothing and drones.

In this study, we will study some properties of microstructure and structure, as
well as the influence of the alloy with the introduction to the technical development of
the mechanical alloy. With some characteristic devices like, SEM, EDX, we are trying
to finish these words.

Keywords: smart materials, Nitinol, mechanical alloy, SEM, EDX.
Résumé :

Ces derniéres années, les matériaux intelligents attirent I'attention scientifique
et technique en raison de leurs propriétés, et en particulier le Nitinol (NisoTiso), posséde
d'excellentes propriétés telles que mécaniques, électriques et chimiques.

De plus, dans le domaine d'application, le Nitinol a de grandes applications
telles que la science militaire, la science médicale et I'aérospatiale avec de nouvelles
applications comme les vétements intelligents et les drones.

Dans cette étude, nous étudierons certaines propriétés de microstructure et de
structure, ainsi que l'influence de l'alliage avec l'introduction au développement
technique de l'alliage mécanique.Avec certains dispositifs caractéristiques comme,
SEM, EDX, nous essayons de finir ces mot .

Mots clés : Matériaux intelligents, Nitinol, alliage mécanique, SEM, EDX.
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General introduction

Microelectronics emerged as the promising trend in the 1960s, followed by
molecular electronics in the 1990s. Molecular electronics work with molecules that act
as components of electronic devices. Until recently, the challenge of designing
miniature electronic systems integrated into the material structure seemed almost
impossible. Nowadays, due to advances in microelectronics and nanotechnology,
technologies are available to manipulate structural components as small as 0.1 - 100
nm. Therefore, the two main terms for materials science in the 21st century are

"nanomaterials” and "smart' materials [1].

Shape Memory Alloy (SMA) is one class of smart materials that has the ability
to convert thermal energy into mechanical action. It is commonly used in special
engineering applications due to its high energy density and exceptional functional
properties. Among the different SMAs, Nickel Titanium (NiTi) has the best form of
memory behavior including high amounts of shape recovery, recovery stress and the
superelastic effect are at the origin of these applications in direct relation with the
existence of NiTi-austenite (B2) and NiTi martensite (B19") phases [2].

The nanometric nature of these alloys opens new avenues for the use of these
alloys. Several processes have been used to synthesize the nanoscale memory alloys,
including precipitation by ion milling, melt spinning, high-pressure twisting, sol-gel
technique, etc. Powders have been reported as powder metallurgy, self-diffusing

synthesis at high temperature, explosive pressure, and mechanical alloying (MA) [3].

Technigue mechanical alloying (MA) offers new possibilities in producing
nanocrystalline powders with metastable structure. Moreover, mechanical alloying is a
way of inducing chemical reactions (mechanochemistry), of changing the reactivity of
solids (mechanical activation) and of inducing phase transformation in solids [4].

with for example formation of lamellar structures and introduction of defects,
followed by a heat treatment , various chemical reactions between co-ground powders
or between powders and milling atmosphere, various structural or chemical

transformations induced by milling [5].

In this process, the reduction in particle size is observed, which leads to ultra-
fine or nanocrystalline grain materials. Due to the very fine particle sizes,
nanocrystalline materials exhibit different and often significantly improved properties

compared to conventional coarse-grained polycrystalline materials [6].

1



General introduction

Milling of a mixture of primary Ni and Ti powders, as well as the amorphous
phase, can lead to solid nanocrystalline solutions, NiTi-austenite (B2) and NiTi
martensite (B19) [7]. Therefore, it is very important to characterize the powders
obtained by MA in terms of phase formation as well as structural properties and

microstructure.

The aim of this paper is to study the effect of milling time on the structural
changes and microstructure occurring in mechanically alloyed NisoTiso powders

mixture. The use SEM characterization is essential in this situation.
This work is gathered in a manuscript structured in 4 chapters.

Chapter one is organized into five main parts. The first concerns definition of
nitinol. In the second part, we recall the presentation of pure nickel and titan, and then
in the third part we talk about nitinol alloys general, next part explain equilibrium

diagram .Then the five part which contains crystallography of nitinol alloy

In the second chapter is devoted to nanomaterials, their properties and synthesis

methods, besides mechanical alloying, and applications of NiTi.

To study the effect of the milling conditions on the structural, microscopic, of
the samples produced, we have incorporated several characterization techniques:
scanning electron microscopy and EDX, and these techniques are presented in Chapter
3.

The experimental results obtained by means of various techniques as well as

their discussions are the subject of the fourth and final chapter.
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Chaptre01: Nitinol characteristics

.1 Introduction

Nitinol is a word with tow abbreviations (NiTi and Nol) . NiTi is an alloy com-
posed by 50 % Nickel and 50 % Titanium, and Nol from Naval Ordinance Laboratory,
which is the place where they first discovered its shape memory aspects in 1960 by w.j
Buhler [1]. Today NiTi attracted a great applications area such as military [2], medical
[3] engineering [4], and Aerospatiale [5].these due to the unique and important propri-

eties like the super-elasticity [6] or pseudo elasticity [7], the shape memory effect [8].
1.2 Presentation of pure Nickel and Titanium

1.2.1 Titanium

Pure titanium is a metal in column 14 of the periodic table of elements with two
different crystallographic structures stable at low and high temperatures respectively in
882° c. Titanium can crystallize in the Hexagonal Compact (hcp) system(a); Titanium
alpha (Ti a) is the most stable form at ordinary temperature. It can also crystallize in
the centered cubic system (cc) (b), it is Titanium beta (Ti B) which exists at high tem-

peratures up to the melting point (Figure 1.1) [9].

It presents a structure centered cubic parameter lattice a = 3.320 it is very pop-
ular in the industry for more than one reason, its density is 40% lower than that of steel
but its mechanical strength is important as well as its fire resistance and it has excellent
performance at the corrosion. In addition, it is very biocompatible, like gold and plati-
num [10].
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a)

Figure 1.1: hexagonal structure of o titanium and B Ti.
1.2.2 Nickel

Nickel is the fifth most abundant element in the earth (2.4%), but far behind the
top 4. It is the 24th in the earth's crust, it is a silvery white metal nickel is classified as
a transition metal; it is a fairly hard solid body, the hardest of metals after chromium,
tenacious, ductile, malleable. There exist under two allotropic varieties, A compact hex-
agonal structure (hcp) itis (Ni a), this unstable phase and a cubic structure with centered
faces (Ni B) stable up to the melting temperature TF = 1450 (Figure 1.2) [9].

I

Figure 1.2: crystal structure of (Ni ) and structure of cubic.
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1.3 Nitinol alloy in general

The origin of the important flexibility of these alloys does not lie in the classical
notions of elasticity. Robert Hooke would have been very distressed by the properties

of these alloys.

This phenomenon was discovered in 1938, by chance, by Americans or cad-
mium alloys. It was not until 1963 that nickel-titanium alloy at 50% atomic content
(NiTi) is the subject of intensive research and applications [11]. George F. Andresen
was the pioneer in orthodontic applications, describing its use in the 1970s [12]. Unite
Corporation marketed the first NiTi orthodontic arch under the Nitinol's name. Endo-
dontic applications only appeared much later in 1988. H Walia [13] made the first en-
dodontic files from orthodontic wires .so some properties of this type alloy present in
(Table 1.1).

Properties Units Ti-Ni
Fusion point °c 1260 1310
Electrical resistivity (As-Ms.) Q.m*10° 0511
Transition Enthalpy J/IKg 28000
Young's module GPa 95

Grain size pm 20_100
Field of transformation °c 100 100
Hysteresis (As-Mf) °c 20_40
Maximum superelatic deformation %

-Polycristal 4
-Monocristal 10
Amortization % 15
Corrosion resistance \ Excellent
Biocompatibility \ Excellent

Table 1.1: properties of Nitinol [9].
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I.4 Equilibrium diagram of Nitinol

NiTi alloys are ordered intermetallic compounds based on equiatomic compo-
sition. This compound exists as the stable phase down to room temperature (Figure 1.3)
at low temperatures, the stoichiometric range of NiTi is very narrow and therefore the
alloys often contain precipitates of a second intermetallic phase. The microstructure is

thus primarily single phase, with small amounts of other phases mixed in the matrix
[14].

Atomic percent nickel

30 40 50 60 70 80 S0 100

1 l 1 1 ] I
| : | | I | | |

1455

(Ni)

Temperature, °C

TiNi

0 10 20 30 100
Ti Weight percent nickel Ni

Figure 1.3: Equilibrium phase diagram of binary NiTi alloy
[14].
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The Ms. Temperature of a NiTi alloy is very sensitive to variations in composi-

tion, even if it is small (Figure 1.4) [15].

When Ni is in excess of the in the equiatomic composition, the surplus is found

to be solid in the matrix, which leads to a fall in the transformation temperatures.

Proportion Ni/Ti
150 092 096 10 1.04 1.08
I I | |
100 |- . —
. 3°
a --‘\-!
50 :;
2 )
= I »° 7
~ )
i
50 ® Harrison et al. I.
® Hanlon gt al.
R
100 I -
|
a
-150 | | | | |
47 48 49 50 51 52 53
at% Ni

Figure 1.4: Evolution of the transformation temperature MS of the NiTi alloy as a func-

tion of the atomic composition of Ni [16].
1.5 crystallography of Nitinol alloy

The NiTi alloy exists in different crystallographic forms, which are identified
as microstructural phases: austenite (higher temperature or parent phase), martensite

(lower temperature or daughter phase) and R-phase (intermediate temperature) [17].

1.5.1 Austenite phase
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The NiTi alloys exhibiting the shape memory effect have a high temperature
crystallographic structure of cubic type B2 (CsCl) (Figure 1.5) this phase, called the
mother phase or austenite, is an ordered phase that is stable only for a range composition

very close to the equiatomic composition [18].

0% strain

NiTi austenite

Figure 1.5: Single crystal NiTi at the austenite phase (B2) prior to a deformation (at
0% strain). The unit cell structure is of CsClI type [19].

1.5.2 Martensite phase

Several authors (Hehemann, 1971[20], Michal, 1981 [21], Otsuka, 1979,
Buhler, 1983) have attempted to determine the martensite structure of NiTi. However,
alone and its collaborators, the complete result in neutron defecation, which confirms

that the structuring of martensite is monoclinic (Figure 1.6).
That the group of spaces is P21/m and which have determined the atomic posi-

tion, while refining the experimental values of the mesh parameters proposed by others.

10
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<100= (100),,

\. b
(010) yopo

Phase B2 OTi  @Ni Phase B’19

Figure 1.6: Presentation of the martensite (B’19) and austenite (B2) structures

of the NiTi system.
1.5.3 R-phase

The appearance of martensitic can be preceded by the appearance of a phase R
(Figure 1.7), the structure of this phase resulting by a distortion from the rhombohedra
to a cubic lattice. Those the transformation has the same effect as an elongation of a
cubic lattice in the direction of one of the diagonals of the cube with contraction of the
perpendicular directions as the change of volume is zero [22].

Figure 1.7: Structural change of austenite in R phase.

11
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1.5.3 Martensitic transformation:

Martensitic transformation is associated with the transformation of the austenite
of steels into martensite discovered by Martens in 1879. By extension, this term has
been generalized for a certain number of alloys whose transformations have certain
characteristics typical of the martensitic transformation of steels, this is the case not
only of iron based alloys, but also of alloys or noble metals and titanium base alloys
and even certain pure metals (Co, Ti, Na) [23-24].

The martensitic transformation is a displacive transformation of the first order
presenting a homogeneous deformation of crystallographic network, mainly constituted
by a shear [25].

Both properties result from the phase transformation between an austenitic (par-
ent) phases to a martensitic (daughter) phase (Figure 1.8) [26].

LEL L o o] 999900
qokqoob o 09000
oboooqo Heating ¢ o000 00
O-—Q—H—Q—O—C o (NP S A P
o---b--b—q—o—o—b e © OO 0 00
oboobbo o009 000
o000 o o o 0 oo
Detwinned Austenite
Martensite
Unloading Cooling
Y
qq.ooob ¢oeqeee
o000 ’ ¢ o000
0000000 Loading ¢eedo0o
qo_oqooo o e e eo00 P00
oooqboo L
oo 00000 oo 00000
Detwinned Twinned
Martensite Martensite

Figure 1.8: Martensitic phase transformation (MPT) [27].
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Chapter I1: Nanomaterials and Nano-Nitinol
11.1 Introduction

The famous physicist Richard Feynman exposed the conceptual foundations of
nanotechnology for the first time in 1959. In his lecture "There is a lot of room below",

he explored the possibility of manipulating material on the scale of individual atoms
and molecules. [1].

Today, nanotechnology contains several fields, it combines biology, chemistry
and physics and medicine. Nanotechnology makes it possible to control individual
atoms and molecules below the nanometer, up to 100 nm (See figure 11.1) [2].
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Figure 11. 1: Visual examples of the size and scale of nanotechnologies.
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11.2 Nanomaterials:

Nanomaterials are mono or polyphase solids whose crystallite size is of the
order of a few nanometers (1 to 100 nm) and at least one of their parameters must vary
at the nanometric scale (chemical composition, orientation of the network or density

atomic), nanaomaterials can be metals, ceramics, carbons, polymers or silicates [3].

11.3. Classification of nanomaterial’s:

Nanomaterials can be classified into four families according to their forms of

use (Figure 11.2):
a) zero dimensional: atomic clusters, filament and cluster assemblies.
b) One dimensional: multilayer's same nanowires or nanotubes.

v' Nano wires: monocrystalline structures with a diameter of a few tens of
nanometers and a length, which can range from 500 nm to 10 pm.
v Nanotubes: tubular structures of 1 or 2 nm in diameter and up to 1 mm in

length. The best known nanotubes are carbon nanotubes
c¢) Two dimensional: ultrafine grained over layers or buried layers.

d) Three dimensional: Nanophase materials consisting of equated nanometer sized

grains [4].

Anisotropic nanomaterials

REE
°g > u
%0 |\ EEE
oD 1D 2D 3D

Spheres, Clusters | Nanorods, wires |Nanofilms, plates | Nanoparticles

Figure 11 .2: Schematic representation of various dimensions of nanomaterials [5].
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I1.4. Nanomaterials properties

Nano scale structures then make it possible to obtain new materials with specific
physical, mechanical, electrical, magnetic, optical and catalytic properties or
combinations of original properties [6], sometimes differing from the properties of the

same material on a different scale.
11.4.1. Physical properties:

Nanomaterials differ from massive materials by reducing the size down to the
nanomaterial scale. The very small nanoparticle size leads to a very large specific
surface area (Figure 11.3), which implies an increase in the number of surface atoms [7].

Figure 11.3: surface to volume ratio of nanoparticles [8].

In another part, the melting point of nanomaterials is reduced when the grain
size is reduced. for example the melting point of gold in its normal size, which reaches
1064 degrees, is reduced to 300 degrees after reducing its grains to about 2,5 nm. [9].

11.4.2. Energies and diffusion:

When the size of the crystallites is of the order of a nanometer, the proportion
of atoms located on the surface of the grains becomes large. The thermodynamic and

kinetic properties of the materials are then essentially governed by the grain boundaries.
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The surface energy ceases to be negligible against the volume of energy; the
free enthalpy G should be replaced by a function G * incorporating a surface tension

term:
CG*=G—4YsVIL ceeevieiieiiiiennnnnn (11.2)

Where V, is the atomic volume; L, is the grain size; vys, the surface energy of
the grain depending on its environment. This energy is a function that grows when L

decreases. [10].
11.4.3. Chemical properties

Nanomaterials have different chemical properties from those of solid materials;
different chemical potential and solubility, increased reactivity, notably modification

of electro affinity and ionization potential [7].
11.4.4.0ptical properties:

The nanoparticles are smaller than the visible light wavelengths (380-780) nm,
which improves the optical properties of certain materials (transparency) [4-11].

I1.4.5.Mechanical properties:
11.4.5.1 Hardness:

The hardness of a material corresponds to its capacity to resist pressure. The
more a metal consists of fine grains, the harder it is. Thus, the nanophase copper is
twice as hard as normal coppe [12].

Hall [13]-Petch [14] has been shown that the hardness of metals and
nanocrystalline metal alloys prepared by mechanical milling is dependent on the size
of the crystallites and the rate of micro deformations (micro-strain) in which the grain

size decreases during the milling time [15].

11.4.5.2 Ductility:
The interest in nanomaterials lies in the possibility of combining high
mechanical strength and ductility, a microstructural modification of the prepared

materials is required that influences the nature of the grain boundaries [16].
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11.4.6 Magnetic properties

The influence of the dimension of the crystalline domains has a very important
effect on the magnetic behavior of materials with an important technological
implication [4]. For example the coercive field that is changed depending on the size of
crystalline domains: can be observed an evolution from a magnetically soft material, to

magnetically hard and finally to a super-paramagnetic characteristic (figure 11.4) [17].
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Figure 11.4: Modification of the coercive field as a function of the size of the

crystal domains [18]

11.5 syntheses of nanomaterials:

There are several techniques, which by their nature can produce materials with

small dimensions. Among the techniques used in the production of nanocrystalline

materials, we cite:

e Physical vapor deposition, chemical vapor deposition, condensation of
inert gases, spraying, plasma process, laser ablation [19].
o Electroplating, rapid solidification, sol-gel process [20].

e Mechanical grinding, mechanochemical synthesis, spark erosion [21].

Nanostructured NiTi alloys can be obtain mechanical alloying [22].
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11.5.1 Mechanical Alloying

Mechanical alloying also called mechanosynthesis has been developed in the
1960s, by John Benjamin [23] to produce oxide dispersions (Al203, Y203) in nickel
alloys in order to strengthen their mechanical properties.

11.5.1.1 Principe

Mechanosynthesis or mechanical alloying is a process used to more or less
violently stir a powder and beads contained in a sealed enclosure. Under the effect of
collisions, the grains of powder alternately undergo plastic deformations, fractures and
welds to each other leading to the formation of nanoscale materials in a metastable state
[24].

The reduction of the material into small fragments is obtained by milling; there

are three types of fragmentation:

e coarse fragmentation.
e fine fragmentation.

e Ultrafine fragmentation.

Each type of fragmentation corresponds to a specific apparatus. We are only
interested in fine fragmentation; this technique consists in grinding two materials A and
B together one of the two constituents fragments much more quickly, here substance

B. Thus, B reaches its limit fragmentation size before A (figure 11.5) [25].

B

o<

_|_ O Fragmentation “\ _[_ gﬁ’%g ;:D

Figure 11.5: Diagram of the phenomenon of fragmentation during milling [4].

The fine particles of component B will tend, due to interparticle forces, to stick to the
larger particles. The more the milling continues, the more the phenomenon becomes

amplified. Different stages of agglomeration will be encountered: the simple welding between
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two or more particles, then the stage of coating the particles and finally the stage of

agglomeration of the particles between them.

The type of phenomenon observed will depend, among other things, on the duration

of the operation and the affinity of the products. Figure 11.6shows the evolution of the various

agglomeration stages during milling [26].

b, 00_ 60 . O,

Figure 11.6 Different stages of agglomeration during milling:
(a) Welding, (b) coating and (c) agglomeration.

During mechanical alloying, the powder particles trapped between balls or
between the balls and the wall of the jar are subjected to plastic deformations,

accompanied by hardening phenomena and local temperature rise.

They are fractured and the fragments are then welded together. Typically,
around 1000 particles with a cumulative weight of around 0.2 mg are trapped during

each collision (Fig. 11.7).
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Figure 11.7: Principle of mechanical alloying formation of aggregates by mechanical

shocks.

11.5.1.2 Experimental grinding conditions

11.5.1.2.1 Nature of powders

The structure, size and shape of the powder particles in the final product are
related to the characteristics of the initial powder mixture, such as the chemical nature,
the miscibility of the elements, the hardness [27]. There are three types of starting
mixtures, which have been described: ductile - ductile, ductile - brittle and brittle-brittle

systems [26].
11.5.1.2.2 System ductile - ductile

At the beginning, the particles flatten out and form lamellar structures which
weld together. The continued milling then fragments these structures, and the thickness
of the lamellae decreases. After sufficiently long grinding, the mixture produced

becomes atomic [4].
11.5.1.2.3 System ductile — fragile

In the first stage, the ductile compound is laminated, then incorporating the

brittle compound between the lamellae of the ductile compound, then there is uniform
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distribution of the brittle compound, at the end it is possible to carry out a mixture at

the atomic level [28].
11.5.1.2.4 Fragile system — fragile

In reality, these powders cannot be alloyed by mechanical milling, but under the
influence of temperature, it is possible to make a thermal activation accompanied by a

reduction in the size of the particles [29].
11.5.1.3 Different types of mills

Different types of milling classified according to the mode of action on the jar

or ball, we can cite the following grinders:

The attrition: the balls are set in motion by the rotation of the central shaft on

which secondary arms are fixed .the cylinder is fixed (figurell.8).

Figure 11.8: the milling attrition

The vibrating mill: it consists of a jar in which beads are contained. The jar is
moved horizontally forwards, backwards and laterally with a frequency of around 20
Hz (Spex 8000 model) (figurell.9) [30].
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Figure 11.9: the vibrating mill.
The planetary mill:

In this grinder, ten balls of 1 or 2 cm in diameter are place with the powder in
a jar, secured to a disc, which rotates in the opposite direction to it. The milling acts
either by impact or by friction. Excluding outside heating, the average temperature of
the jar is between 50 ° C and 120 ° C, depending on the speed of the balls, the local
temperature rise is between 60 and 300 ° C (figurell.10) [31].

Figure 11.10: Fritsch Pulverisette 7 planetary mill.
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11.5.1.4. The milling intensity

It depends on the type of mill. When energy is high most obtaining the final
product is fast. There are some limitations to the maximum intensity depending on the
mill. As in a conventional mill, where the increase in the rotational speed increases the

movement of the balls [3].
I1.5.1.5 Milling time

The grinding time is a very important parameter. It is chose so that a stationary
state between the phenomena of fracture, welding and re-welding of the powder
particles is reached at the end of the process [32].

A milling time pause; this pause is very necessary to avoid sticking to the wall
of the mill or to the balls, in a FesoNi2o powders, the milling temp pause ranging from
3 to 25 h was used [33].

11.5.1.6 ball / powder mass ratio (Ratio Ball Powder RBP)

This ratio depends on the quantity of balls and powders; when the quantity of
balls is greater, the mass of powder is minimized to obtain the final product faster and

reduce the time required.

It is linked to the number of collisions per unit of time, which increases with the
increase in the number of balls. The diffusion process is based on the increase in local
temperature, which is linked to the increase in the frequency of collisions. Generally,

the ball / powder mass ratio is between 10: 1 and 20: 1[34].
I1. 5.1.7Milling atmosphere

Depending on the nature of the atmosphere, grinding can be carried out in a dry
(air, Ar, He, N2 or H2) or humid environment (organic compounds can be introduced,

for example, into the atmosphere of inert gas) [35].
I1.5.1.8 Milling temperature

It has an influence on the process of formation of the final product. A high
temperature promotes an increase in the size of the crystallites but reduces their stresses
and solubility in the solid state [36].
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11.6 New Fields of application of NiTi alloys

11.6.1 Aerospace application

The aerospace industry must minimize the volume and weight of all of their

components to minimize launch costs.

NASA says that could be a viable alternative to tires on Earth. The Superelastic
Tire (Figurell.11), inspired by Apollo lunar tires, uses shape memory alloys (mainly
Nickel-Titanium (NiTi) and its derivatives) as load-bearing components. These are
capable of undergoing significant reversible deformation (up to 10%) thus allowing the
tire to resist an order of magnitude of deformation greater than other airless tires before
undergoing permanent deformation [4-37].

11.6.2 Biomedical application

On the orthopedic level, NiTi has been used for bone plates to correct fracture
of the spine and scoliosis. In the transition phase, if the shape memory alloy stops
changing shape, it can generate stresses up to 700 MPa and these stresses are useful for
joining broken bones. In addition, the elastic modulus of NiTi is too close that of the
bone material of the human body (figurell.12) [38].
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Figure 11.12: example for plates fracture of the spine and scoliosis.
Thermally induced elasticity is the main principle behind this stent application

of smart materials [39].

Indeed, this stent, once contracted, fits into the artery (Figure 11.13).
Subsequently, upon relaxation, the superelastic effect forces the artery to return to the
original diameter and thus allows the passage of blood [40].

Figure 11.13: Coronary artery stent.

Finally, the last example from the biomedical sector is dedicated to medical
robots (Nano robots) (figure 11.14), which combine their mechanical properties and

biocompatibility.

28



Chapter Il .Nanomaterials and Nano-Nitinol

Figure 11.14: medical Nano Robot.
11.6.6 Industry application: smart clothes

In the 21% century, clothes are more than ever an interface between the body
and the external environment, which is more and more often aggressive, polluted or

even toxic, too hot, too cold or too wet, invaded by bacteria and viruses [4].

Today a new fabric has made it possible to manufacture a memory shirt whose
fabric rises when it is hot. The fabric is based on Nitinol, a shape memory alloy (SMA)

containing nickel and titanium (Figure 11.15).

Figure 11.15: More functional and smart clothing [41].
11.6.7 Military application

Each type of drone used in urban areas has a mission and a specific technology:

large-scale drones carry out military or police missions.
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For example kamikaze insect robot that can explode, the mission assigned to
these future insects is to fly inside buildings for observation, surveillance,

reconnaissance, espionage and even attack missions (a) [42].

In another part, Nano drones (Nano air vehicles (NAVS) are the subject of
intense research funded in part by the military (b) (figurell.16).

Figure 11.16: Example for urban drone [43].
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Chapter I11: Experimental procedure

[11.1.Introduction
In this chapter, we present the results of the characterization of the mixtures of

Ti Ni (x = 50, 50) powders obtained by mechanical milling at high energy.

The morphological, structural and microstructural evolution of the ground

powders was followed by scanning electron microscopy

I11.2. Summary of samples

The powders of composition TisoNiso were produced by mechanical milling
with a planetary mill of the P7 pulveriser type from elementary powders of Ni and Ti
(see Figurelll.1) [1].

111.2.1. Mill used

The sample to be treated is ground and pulverized by balls in the milling bowl.

The centrifugal forces exerted on the pieces of material to be sprayed and the
milling balls are created by the rotation of the milling bowl on its axis and the rotation

of the support disc.

The characteristics of the mill . The characteristics of the mill used are presented
in Table 111.1 [2].
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44 kg (Net)
61 kg (Gross).

The noise level is around 74dB (A).
The noise level varies according to the

speed of rotation, the grinding process in
progress (characteristics of the materials
being processed, type of balls, etc.)

AC voltage 100-240V + 10%.
Transient overvoltages falling within
admissible category I1.

8.8 A (115V) /3.7 A (230V)

1300 W

2x10A T

5mm

Size of the pieces for hard materials
2*35ml

Figure I11.1: Fritsch Pulverisette 7 planetary mill.
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111.2.2.Conditions for preparation

Elementary powders of high purity Ti (~ 150 um, 99.97%) and Ni (~ 45 pm,
99.99%) (Aldrich) were mixed in appropriate proportions in order to obtain the

composition TisoNiso (% at).

Mechanical milling was carried out under an argon (Ar) atmosphere using a
Fritsch Pulverisette 7 planetary mill equipped with a hardened steel flask (80 ml) and
15 mm diameter balls also made of hardened steel.

To avoid contact between the outside atmosphere and the powder, during

mechanical treatment.

It is important to note that this operation took place in a glove box (figurelll.2)

and required an initial primary pumping and an injection of neutral gas (argon) [3].

Figurelll.2: Image of a glove box [3].

The disc rotation speed was © = 400 rpm. The mass ratio of beads to powder
was 23: 1.

To avoid an excessive increase in temperature, the milling times of 30 minutes

were alternated with equal rest periods.

The powders were ground for several periods; 0, 1, 3, 6 and 12h.
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I11. 3. Characterization of powders

Several techniques have been used for the characterization of ground powders.
Changes in the morphology of the powder particles (changes in the size, shape of the
powder particles and their distribution) were monitored by scanning electron

microscopy (SEM).

111.3.1 scanning electron microscopy

The SEM uses an electron beam instead of light exploiting the wave-particle
duality of electrons, this beam is produced to accelerate (1 to 20 kv) on a samples thanks

to the lenses (figurelll.3).

The samples then emit secondary electrons, which are then detected; the number
of electrons detected depends on the variations in the surface of the sample by scanning
a beam and detecting the variation in the number of scattered electrons, we can

reconstruct the surface topography.

Figure 111.3: scanning electron microscopy, SEM.
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Chapter IV: Results and Discussions

We propose in this chapter the results and discussions of SEM and EDX.

IVV.1. Morphological and microstructural study

IV.1.1. Morphology of powder particles

The evolution of the morphology of the powder particles (the size, shape of the
particles and their distribution) as a function of the milling time were determined by

scanning electron microscopy (SEM).

The measurements of the chemical composition of the powders for the different
milling times were determined by energy dispersive spectroscopy (EDS) at 20 kV.

IV .1.1.1. Morphology of pure elements

Before milling, the Ni particles, varying in size from (2 to 110) um, are
characterized by irregular contours. Note that Ni particles are smaller than Ti particles
(20 - 250pm).

We also note the existence of agglomerates, representing the grouping of several

fine particles due to the method of preparation.

The samples also contain white filaments, which may come from offcuts from
the apron or from the component threads of the carbon protection adhesive used as the
backing of the samples [1].

The morphology of titanium powder, as we mentioned previously, the particle
sizes are between 20 and 250 pum, and we note that there are two types of particles, the
majority of which are characterized by irregular contours, and intermixed and rounded

in shape [2].

The second type of particles (minority) have the shape of cubes (crystals) and
can represent the cubic centered structure (cc); it is beta titanium (B-Ti) which exists at

high temperatures (unstable).
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IV .1.1.2. Morphology of milled powders

The evolution of the morphological form and the corresponding particle size
distribution of the powders obtained after 1, 3, 6, 12 hours of milling time is presented

in figure 1V.1.

Morphological changes of TisoNiso powder particles occurring during
mechanical milling of the fcc -Ni and hcp -Ti starting mixture may be related to the

difference in the mechanical properties of metals [1].

It can observed that the morphological changes are already significant just after
1 hour of milling (Figure 1V.1, 2).

The particles are flattened by the plastic deformation caused by the progressive

forces induced by the ball-powder-ball and ball-powder-jar contacts.

This is also because Ni and Ti are ductile materials, which leads to increasing

particle size besides a few small particles produced [3].

With the progression of milling, where we observe both the dominance of
fracturing over welding and the increase for phase, the brittleness of the powders

increases.

The size of the particles is significantly reduced, and their spherical equiaxial

morphology increasing.

After a certain milling time, a balance is reached between the welding speed,
which tends to increase the average particle size, and the fracturing speed, which tends

to decrease the average particle size [4].
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1 mm
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Figure 1V.1: Morphologies of NisoTiso powders for different milling times: 1, 3, 6
and 12h.

We notice in the powder ground for 1 hour (Figure 1V.2), a "lamellar" structure,

made up of alternating layers of Ni and Ti.

We focused on a particle with a magnification of 50 and 10 um, which showed
many phenomena, such as adhesion of layers, fracturing and cracking, with the
existence of holes from 0.5 to 1 um and small particles of the same size which may

belong to these holes [5].
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SO um

... 10 pm

Figure 1V.2: Morphology of a powder particle after 1 hour of milling.

Figure 1V.3 shows, after 3 hours of milling, the two phenomena of intensive fracturing
(Figure 1.3 (a)) and cold welding (Figure 1V.3 (b)), due to repeated collisions (balls -

powder-beads and beads-powder-bowl wall) [5].
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SEM HV. 2000 WV WO 1524 mm VEGAN TESCAN
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Figure 1V. 3: SEM micrograph of the powders (NisoTiso) showing the cold welding

(@) and the fracture (b) after 3 hours of milling.
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After 6 hours of milling, the presence of different types of particles is noted.
Figure V.4 showing the phenomenon of cold welding (sandwich) which shows the

formation of thin layers of the initial elements.

We also find particles which appear with facets of different angles (whose size
is less than 100 pm) and whose pointed ends can be crystallized and will increase in
number with the progress of milling (Figure 1V.4).

This figure shows fractured particles that result from impacts between beads-
powder-beads and beads-powder-bowl, which may be the reason for the production of
small crystalline particles as the milling progresses [1].

This also explains the appearance of another type of particles, in agglomerates
of small particles (Figure 1VV.4). The same observations are to be reported after 12 hours

of milling.

Figure 1V.4: Morphology of powder particles after 6 hours of milling: the
phenomenon of cold welding, fractured crystalline particle and agglomerates of small

particles.
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After 12 hours of milling, we have the same observations. It should be noted
that these results are in agreement with the results of XRD which show that the amount
of crystalline phases of martensite and austenite which begins to appear and to increase
from of 12 hours of milling.

IV.1.2. Analysis of chemical composition by EDX

The main objective of this part is to ensure that a homogeneous distribution of

the elements Ni and Ti was obtained after milling.

By this analysis, we were able to verify that the chemical composition of the

powder particles varies little from one sample to another.

This part also shows the mapping spectra for the elements Ni and Ti and the
elements that can appear due to contamination by the milling tools like Fe, O, Si, Cr
and C, in the NisoTiso system for powders obtained after 1, 3, 6, 12 hours of milling

time.

After 1 hour of milling (Figure IV.5), we analyzed the different elements and
this is based on the analysis results of the SEM scanning microscope.

One can note the presence of Ni and Ti, which are mainly localized on the
analyzed powder particles, while the elements O and C are mainly located on the carbon
adhesive tape, which is used to fix the samples.

We find the elements Cu and Al placed on the sample holder [6].
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Figure 1V.5: Map of the distribution of NisoTiso powder elements after 1 hour of

milling.

After 3 hours of milling, the distribution of the elements Ti, Ni and O on the

powder grains is presented in Figure 1V.6.

It can be seen that the flat particles have an irregular distribution of Ni and Ti

on some particles while it appears uniform in other particles.
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Figure 1V.6: Map of the distribution of NisoTiso powder elements after 3 hours of

milling.

Figure V.7 presents the mapping of the phenomenon of fracture and / or
welding of a group of small particles and shows that the distribution of Ni and Ti is
relatively homogeneous but with the clear existence of clusters of each of these
elements. . The presence of oxygen is mainly due to the carbon adhesive.
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Figure 1V.7: Mapping of the distribution of elements on a particle after 3 hours of

milling.

By focusing on another type of particles (~ 400um) of the powder ground at 3
hours (Figure 1V.8), we observe that there is an inhomogeneity of the distribution of Ni

and Ti and the presence of very small amount of oxygen on the particle.
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Figure 1V.8: Mapping of the distribution of elements on another type of particle after

3 hours of milling.

After 6 hours of milling, begins the appearance of crystalline particles, Figure
IV.9 shows the distribution of elements on one of these particles.

We note that the distribution of the elements is much more consistent compared

to the other particles that were analyzed for the previous milling times.

It is important to note that the proportion of Fe also increases, which is mainly
caused by contamination during milling by the balls and the jar. Fe particles accumulate
in groups of about 45 um [1].
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Figure 1V.9: Mapping of the distribution of elements on a crystalline particle after 6

hours of milling.

After 12 hours of milling (Figure 1V.10), the distribution of Ni and Ti on the
powder particles becomes even more consistent. The quantity of O and Fe is increased

as indicated in the mapping of each of them and has a size of approximately 10 um. [7].

52



Chapter IV. Results and Discussions

"‘ » 8 ‘... b‘ﬁ' »
N e o 7 PR
,SE’ e ires Rt

: ':"‘..‘. .A?
Hapcats§

ek

Figure 1V.10: Maping of the distribution of NisoTiso powder elements after 12 hours

‘!1‘-,0’"'..1"'..730: .,-p; ,_ ._‘~._ »-v' ‘.
> ol D s B AR ety S
DRV IWOL 56 e .-

-

% :{.""f T e
of milling.

We show the distribution of elements by cartographic analysis and EDS (Figure
IV.11), for a single particle (300 mm) after 12 hours of milling.

The welding effect of the particles is clearly observed, thus forming an almost

crystalline particle, which may be the stage before obtaining the crystalline particles.

By studying the EDS spectrum for this region, we note a good distribution of
Ni and Ti particles, with quantities of O and Fe of the order of 3.85% and 0.19%
respectively (see table 1V.1) [6].
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Figure 1V.11: Mapping of the distribution of elements on a particle after 12 hours of

Elements

Ni

Ti

O

Fe

milli

ng.

Atomic percentage [at. %0]
39.58

56.48

3.85

0.19

Table 1V.1: Proportions of the elements identified by EDS of the aggregates of

particles after 12 hours of milling.
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General Conclusion

NisoTiso powder mixtures are made by high-energy milling for milling times of
up to 12 hours in a Fritsch "Pulverisette 7" planetary mill from pure elements of nickel

and titanium.

The starting powders have a particle size of 45 um for nickel (99.99% purity),
and approximately 150 um for titanium (99.97% purity). This powder mixture was
placed in two sealed packages under an argon atmosphere to prevent oxidation.

Morphological, structural and microstructural changes were followed by

scanning electron microscopy (SEM) and EDS.

The morphological contrast study of the powders was followed by the SEM.
Before milling the Ni particles, which vary in size from 2 to 110 um, are characterized
by irregular lines, while the dimensions of Ti particles range between 20 and 250 um,
we note that there are two types of Ti particles, most of which have irregular,

interlocking and round curved lines.

At the beginning of milling, the powders are flattened. The particle platelets are
welded together and form a lamellar structure. As the milling time increases, the spaces

between the plates decrease and the defect density increases.

For longer milling times, a true alloy is formed on an atomic scale with the
formation of solid solutions, nanocrystalline phases (martensite and austenite) and an

amorphous phase.

After analyzing the chemical composition by EDS, it is evident, for the first
milling times (1, 3 and 6 h), that the flat particles of Ni and Ti have an irregular

distribution.

For milling times of more than 12 hours, the distribution is more homogeneous
and uniform. In this case, we concluded that 12 hours of milling was sufficient to obtain

a homogeneous NisoTiso mixture.

Low iron contamination, possibly due to milling tools (balls, jars) was detected

by EDS analysis, which accounts for approximately.

56





