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LECTURE "Surface Engineering"

1. Range of scientific area "surface engineering,,

2. Modern methods of production technology of surface layers
3. Units of pressure

3a. Vacuum

4. Mechanical methods of surface modification

5. Chemical surface modification methods CVD

6. Crystallization of the coating from the gas phase

7. Plasma

8. Physical methods of surface modification PVD

9. Interaction of ions and electrons with solid surfaces
10. Laser beam-solid interaction

11. Magnetron discharge for thin films plasma processes
12. Surface modification by ion impact

13.Surface modification by plasma ion implantation

14.Surface modification of low-energy and high-current electron
beam



15. Laser surface modification by re-melting

16. Laser Rapid Prototyping

17. Pulsed laser deposition using laser ablation
18. Surface cleaning with the use of laser ablation
19. Thermal plasma surface treatment

20. Arc evaporation

21. Diagnostics
a. spectroscopic method for surface analysis
b. structural diagnostics (AFM, SEM, TEM, CLSM)
c. residual stresses and methods of measurement
d. diagnostic micro-mechanical properties

22. Hard and superhard coatings based on nitrides, carbides, borides
and nanocomposites

23. Thermal barrier coatings
24. Polymer film obtained by plasma polymerization
25. Trends in development of surface engineering in the world
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General basis of surface engineering

dihe coating isa layer offmaterial formed inia naturalior
artificialiway, on'the surface ofian object fabricated with
different materials 1n order: to achieve technical or decorative
PrOPErties

Coatings division due to:
-material

-clestiny
-methodiofipreparing



2. Modern methods of production technological surface layers

Electro-chemical

Thermo-
chemical

Thermo-
mechanical



C\/ID;

APCV/ID= atmosphenc pressure CVD
[EPCV/ID= low pressure CVID
MOCVD- metaliorganic C\V/D
PACVD- plasma assited CV/D
VIWWC\/[D-microwave C\/D

RA/ID;

ARE- activated reactive evaporation
BARE- bias activated reactive evap.
NTARE- thErMOIGNIC arc eVaporation
HCD= hot hollow cathode discharge

|CB- 1onized cluster beam deposition
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Plasma Treatment — endless possibilities

Plasma can be used in many different cases whenever you would like to
better adhere materials together or to change a surface property to
suit your needs. With this trend-setting technology it is possible to
modify virtually any surface. Plasma technology offers several
versatile applications, for example:

. surfaces of any residues, oils, or contamination

. of various materials before gluing, painting, etc.

. and partial removal of surfaces

. of parts with several possible types of layers (PTFE-like,

protective barriers, hydrophobic, hydrophilic, friction-reducing, etc)


http://www.plasma.de/en/plasmatechnique/cleaning.html
http://www.plasma.de/en/plasmatechnique/activating.html
http://www.plasma.de/en/plasmatechnique/etching.html
http://www.plasma.de/en/plasmatechnique/coating.html

Plasma technology is establishing itself in all areas of industry, and new
applications are constantly evolving.

Plasma Technology - Convincing Advantages

Compared to other methods, like flame treating or using chemicals to
treat a surface, plasma technology exhibits many important
advantages:

Many surface properties can be obtained exclusively with this procedure
Can be used in online production or operated independently
environmentally friendly process

Regardless of geometry you are able to treat powder, small parts, discs,
fleece, textiles, tubing, bottles, circuit boards, etc.

Fabricated parts will not be mechanically changed
Heating of the parts is minimal

Operating costs are very low

Extremely safe to operate

Process is extremely energy efficient



Energia czastek dla réznych metod nakladania powlok

Metoda Czastki docierajace do podloza Cis[’;i:j"ie Srednia ene[reg\i,a] kinetyczna

Naparowywanie Atomy, klastery <107 0,2
ARE Okolo 1% jony, atomy <107 0,2

IP, TRIP Okolo 30% jony, atomy 107%-10"" 0,2-50
Arc Evaporation Okolo 100% jony, klastery, krople 10°%-1 5-80°
Impulsowo-plazmowa | Okolo 100% jony, klastery, krople > 100 okolo 100

Rozpylanie jonowe | Okolo 5% jony, atomy, klastery 10°°-5 5-20°

" Energia czastek zalezna od ci$nienia i napiecia miedzy anoda a katoda
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Skutki bombardowania ciala stalego wywolane przez jony o réznej energii [54)




3. Pressure units (Sl - Wikipedia)

1 bar = 1x10° N/m?
= 1x103 hPa = 100 kPa

e 1bar=10°N/m?=10°Pa
1 mbar=1hPa=100 Pa
e 1013,25 mbar = 1013,25 hPa = 1 atm (normal pressure)



Pascal Bar Technical Physical Torr Lb /in?2
atmosphere | atmosphere
[Pa] [bar] [atm] [torr] [psi]
[at]

1 N/m? | 1 Mdyn/cm? | 1 kp/cm? | pgrp 1 mmy, |1Ibf/in.2
1 Pa 1 | 1,0000x10° | 1,0197x10° | 9,8692x10° | 7,5006x103 | 1,4504x10*
1 bar | 1,0000x10° 1|1,0197x10° | 9,8692x10% | 7,5006x10% | 1,4504x10*
1 at 9,8067x10* | 9,8067x10 119,6784x101 | 7,3556x10%2 | 1,4223x10!
latm | 1,0133x10° | 1,0133x10° 1,0332x100 7,6000x102 1,4696x101
1torr | 1,3332x102% | 1,3332x103 1,3595x10-3 1,3158x10-3 1 1,9328x102
1 psi | 6,8948x10° | 6,8948x102 7,0307x102 | 6,8046x102 | 5,1715x101! 1




Tablica 2.1
Zakresy ciSnienia pracy oraz szybko$¢ pompowania dla réznych typéw pomp (wartoéci
orientacyjne) [1]

Rodzaj pompy Ciénienie [Pa] Szybkoé¢ pompowania [1/s]
Obrotowe olejowe 1-stopniowe 1-100
Obrotowe olejowe 2-stopniowe
Bezsmarowe Rootsa 10*~10"2
Molekularne
Turbomolekularne 10°-107"*
Dyfuzyjne z chlodzeniem wodnym
) fuzyjne z wymrazaniem 107 -10"%

Jonowo-sublimacyjne 1074 -10""




Pump Types can be broadly categorized
according to three techniques:[1]

- Positive displacement pumps use a mechanism to
repeatedly expand a cavity, allow gases to flow In
from the chamber, seal off the cavity, and exhaust
It to the atmosphere.

« Momentum transfer pumps, also called molecular
pumps, use high speed jets of dense fluid or high
speed rotating blades to knock gas molecules out
of the chamber.

» Entrapment pumps capture gases in a solid or
adsorbed state. This includes cryopumps, getters,
and 1on pumps.




are the most effective for low
vacuumes.

In conjunction with one or two
positive displacement pumps are the most common configuration used to
achieve high vacuums. In this configuration the positive displacement pump
serves two purposes. First it obtains a rough vacuum in the vessel being
evacuated before the momentum transfer pump can be used to obtain the high
vacuum, as momentum transfer pumps cannot start pumping at atmospheric
pressures. Second the positive displacement pump backs up the momentum
transfer pump by evacuating to low vacuum the accumulation of displaced
molecules in the high vacuum pump.

can be added to reach ultrahigh vacuums, but
they require periodic regeneration of the surfaces that trap air molecules or
ions. Due to this requirement their available operational time can be
unacceptably short in low and high vacuums, thus limiting their use to
ultrahigh vacuums. Pumps also differ in details like manufacturing tolerances,
sealing material, pressure, flow, admission or no admission of oil vapor,
service mtervals reliability, tolerance to dust, tolerance to chemicals, tolerance
to liquids and vibration.



It uses a pressure tool or tools, or the kinetic
energy of the particles in order to strengthen the
cold surface layer of metal or metal alloy or to
receive the metal coating on the cold substrate.

e Burnishing Nagniatanie
« Shot peening Kulowanie
o Application of Detonation Detonacyjne

o Plating Platerowanie



Plastic deformation of the material in the surface layer by the
Interaction of the surface of the workpiece with a tool suitable
curvature, which can roll without slipping, skidding or collide
with the surface of the element.

Performed on machine tools with appropriate equipment as
well as using special machine tools for burnishing.

Static burnishing - the power of the tool element is constant or slowly varying.

Dynamic (Shot peening) - when a collision occurs during the processing of work
items and machined surface characteristics of pulse power in a single collision is
dependent on the collision energy and the properties of the workpiece.



Layer thickness: up to few mm

static burnishing
- bearings: ball bearings, pulleys, roller chain (normal and

orbital

Nagniatanie statyczne
- toczne: kulkowanie, grgzkowanie, rolkowanie (zwykte

scylacyjne)

Types of ball burnishing tools, roller and troller
Typy narzedzi do nagniatania kulkowego, rolkowego i krgzkowego
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Dynamic burnishing
- focused: pulleys, bearings, roller bearings, and
centrifugal and pulse hammering .

Roller pulsed diagrarﬁ: 1 - workpiece, 2 - 7 —
roller, 3 - ring leader, 4 - rotating ring with
projections Schematic hammering: 1 - the workpiece,

Schemat rolkowania impulsowego: 1 - przedmiot 2 - beater, 3 -, cam, 4 - spring, 5 - electric motor, 6 -

obrabiany, 2 - element nagniatajacy (rolka), 3 - pierscien pelt transmission, 7 - the body of the instrument
prowadzacy, 4 - WIrujqcy pierscien z Wystepaml mounted on the BB maChine, p - feed

Schemat miotkowania: 1 - przedmiot obrabiany,
2 - bijak, 3 - krzywka, 4 - sprezyna, 5 — silnik elektryczny,
6 - przektadnia pasowa, 7 - korpus przyrzagdu mocowany

na suporcie obrabiarki, p - posuw



Dynamic burnishing

- Scattered - streaming and vibratory ball
Nagniatanie dynamiczne - rozproszone - kulkowanie strumieniowe i wibracyjne

b)

Stream ball: throwing balls witha) & ;
or b ejector rotor) with Compressed Schematic peening vibration: the workpiece (1) is

located
ailr from a nozzle in a closed container (2) filled with balls and
placed on a mechanical vibrator
Schemat kulkowania wibracyjnego: przedmiot
obrabiany (1) jest umieszczony
w pojemniku zamknietym (2) wypetnionym
kulkami i ustawionym na wibratorze
mechanicznym

Kulkowanie strumieniowe: wyrzucanie kulek za pomoca
a) wyrzutnika wirnikowego lub b) z dyszy sprezonym
powietrzem



» Effects on workpiece of stream of round steel shot, ceramic or glass
beads

» High-casting rotors hurl shot at the outlet of around 80m /s

» Stream of pellets have a very high homogeneity, crucial for very
uniform treatment of the entire surface elements

» Shot hitting the surface of the workpiece to produce plastic
deformation causes a depth of a few hundredths of a millimeter to 1.5 mm
» The size of deformation is dependent on the intensity of shot peening,
and the hardness of the workpiece

> Dziatanie na obrabiany element strumieniem okragtego Srutu stalowego, ceramicznego lub kulek szklanych
> Wysokowydajne wirniki rzutowe miotajg Srut z predkoscig wylotowg wynoszacg ok. 80m/s

> Strugi $rutu posiadajg bardzo duzg jednorodnos$¢, decydujaca o bardzo réwnomiernej obrébce na catych
powierzchniach elementéw

> Uderzenia $rutu w powierzchnie obrabianego elementu powodujg wytworzenie odksztatcenia plastycznego o
gtebokosci od kilku setnych milimetra do ok. 1,5mm

> Wielkos$¢ odksztatcenia zalezy od intensywnosci kulowania oraz od twardosci obrabianego przedmiotu



Application






Plating the substrate metal or other metal alloy is by the
formation of a coating material by pressing at elevated
temperature.

OBJECTIVE: Increased resistance to atmospheric corrosion and in high-temperature
gas and chemically aggressive environments
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— plastic deformation of material between rotating cylinders
- material plastically shaped by the impact hammer or static pressure press
-1S a process used to create objects of a fixed, cross-sectional profile. A

material is pushed or drawn through a die of the desired cross-section. The two main
advantages of this process over other manufacturing processes are its ability to create
very complex cross-sections and work materials that are brittle, because the material only
encounters compressive and shear stresses. It also forms finished parts with an excellent
surface finish

-sometimes referred to as cold drawing, is the same process as used on

metal bars, but applied to plastics
-Stamping (also known as pressing) includes a variety of sheet-metal forming

manufacturing processes, such as punching using a machine press or stamping press,
blanking, embossing, bending, flanging, and coining.[1] This could be a single stage
operation where every stroke of the press produces the desired form on the sheet metal
part, or could occur through a series of stages. The process is usually carried out on sheet
metal, but can also be used on other materials, such as polystyrene.




- used pressure tool (blade)
to remove some of the material and to obtain the final
shape; modern cutting tools, CNC machine tools

The precise meaning of the term "machining" has evolved over the past
two centuries as technology has advanced. During the Machine Age, it
referred to (what we today might call) the "traditional machining
processes, such as turning, boring, drilling, milling, broaching, sawing,
shaping, planning, reaming, and tapping.






Detonation spraying

of the workpiece

OBJECTIVE: To obtain a coating of non-metal substrate properties

Powders used for spraying:
powders of metals and their alloys
powders of compounds - oxides, carbides, borides
metal-ceramic powders
ceramic powders






//upload.wikimedia.org/wikipedia/commons/4/4b/Plasma_Spraying_Process.jpg
//upload.wikimedia.org/wikipedia/commons/4/4b/Plasma_Spraying_Process.jpg

5. Chemical surface modification methods
Chemical Vapour Deposition CVD

Thermally activated CVD coatings
Plasma assisted PE CVD

Chemical Vapor Deposition (CVD)

Substrat



(Chemical Vapour Deposition) include
processes In which the substrates for coating are
transported in the form of volatile compounds to the
substrate on which the chemical reaction takes place to

form the coating.

Division of CVD methods:

supported by:



CVD methods not supported
Application:

electronics industry: production of semiconductor
structures with silicon, germanium, compound
semiconductors and dielectric layers

coating of cutting tools coated with refractory and hard
materials.

main stream

strumien glowny




Atmospheric pressure CVD (APCVD): CVD processes at atmospheric
pressure.

Low-pressure CVD (LPCVD): CVD processes at sub-atmospheric
pressures. Reduced pressures tend to reduce unwanted gas-phase
reactions and improve film uniformity across the wafer. Most modern
CVD processes are either LPCVD or UHVCVD.

Ultra-high vacuum CVD (UHVCVD): CVD processes at a very low
pressure, typically below 10-6 Pascal.

Aerosol assisted CVD (AACVD): A CVD process in which the precursors
are carried to the substrate by means of a liquid/gas aerosol, which can
be generated ultrasonically. This technique is suitable for use with non-
volatile precursors.

Direct liquid injection CVD (DLICVD): DLICVD process in which the
precursors are in liquid form (liquid or solid dissolved in a convenient
solvent). Liquid solutions are injected Iin a vaporization chamber
towards injectors (typically car injectors). Then the precursor vapors
are transported to the substrate as in classical CVD process. This
technique is suitable for use on liquid or solid precursors. High growth
rates can be reached by using this technique.



CVD processes that utilize plasma
(plasma is a state of matter similar to gas) to boost chemical reaction
rates of the precursors. PECVD processing allows deposition at lower
temperatures, which is often critical in the manufacture of
semiconductors.

Similar to PECVD except
that the wafer substrate is not directly in the plasma discharge region.
Removing the wafer from the plasma region allows processing
temperatures down to room temperature.

Deposits successive layers of different
substances to produce layered crystalline films.

(CCVD): Combustion chemical
vapor deposition (CCVD) is a chemical process by which thin film
coatings are deposited onto substrates in the open atmosphere.

Also known as catalytic CVD (Cat-CVD) or
hot filament CVVD (HFCVD). It uses a hot filament to chemically
decompose the source gases.



1. Transport of gaseous reactants to the frontier

2. Transport of gaseous reactants to the frontier

3. Homogeneous reaction in the gas phase

4. Adsorption of reactants on the substrate surface

5. Heterogeneous chemical reactions

6. Nucleation and growth of coating

7. Desorption of waste products of chemical reactions

8. Transport of gaseous products of the chemical reaction on
the outside of the boundary layer

9. Transport of gaseous products of a chemical reaction with
the substrate surface to the gas phase, the gas volume



(above 873K) and at low
temperature (293-873K), which may be either substrates,

Inorganic compounds (metal chlorides and some iodides, metal

hydrides) and organic compounds (metal carbonyls and
organometallic compounds)

reactions with hydrogen halides or metal

reactions take place in three stages:



CVD methods not supported

Scheme of apparatus for carrying out the process of CVD




power generated by the gas flow between the two
electrodes (anode and cathode) under reduced pressure in the range 0.1
- 10° Pa. Backup voltage glow discharge depends on the type of gas,
pressure, and electrode material. Typical voltage is of the order of
several hundred volts and the discharge current of hundreds of
milliamps;

(Radio Frequency ( IS dependent on the
type of gas, its pressure, the frequency of the electric field and the size
of the discharge chamber. Energy from the power supply can be driven
by using electrodes placed on the outside or inside of the chamber

does not require any electrodes for excitation of the plasma
because the process of absorption of microwave energy Is concentrated
and localized in a specific volume of gas. Microwave energy source Is
known as microwave magnetron or klystrons ( Microwave
discharge energy from the source is fed to the reactor in the form of
waveguide electromagnetic radiation.
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PACVD

Diagram of apparatus for coating in the plasma-assisted CVD DC

wiot gazow
reakcyjnych




PACVD

Diagram of apparatus for applying coatings in the RF plasma-assisted
CVD excited between flat electrodes




PACVD

Diagram of apparatus for coating in the microwave plasma-assisted
CVD

generator 2 45 GHz




APCVD LPCVD PACVD
Method of heating Resistive Resistive Heating in a glow
items heating of heating of discharge conditions
chamber chamber
Pressure in the atmospheric 10 - 500 hPa 3- 13 hPa
working chamber
Process 1170 - 1220 K 1150 K 770 -820 K
temperature
Process time long long short




Multiplex processes

The so-called two-step process (duplex, hybrid )

consists of a further combined use of two or more
surface engineering technologies to produce a
composite layer on the surface with properties not
achievable by the use of only one of the known
techniques of surface treatments



PACVD method -
reactive atmosphere: Al (CH),; + H, Rmﬁs}ﬁb

Ny




Structure and distribution of nickel, titanium, and phosphorus in a
composite layer of TIN + (Ti, Ni)3P + Ti3P + (Ni-Ti)
formed on titanium alloy Ti1Al1Mn




Composite layers produced on aluminum alloys

Chemical electroless Glow

deposition Ni(P) coating discharge
catmer

Ni + Ni,P
Aluminium — NIA]
alloy Aluminium Ni2A|

alloy
Aluminium alloy

s 20 um



Aluminium alloy



= ratio of gas pressure in the plasma to the
equilibrium pressure p/p0

= enthalpy = thermodynamic potential function of
the system - AG=AH-TAS

= process In which one phase particles accumulates on the
surface of the second phase, the phase boundary surface. There is
no penetration through the boundary components (if absorption).

— van der Waals forces — reversible

— bond atomic polarization, ionic chemical reaction
— often irreversible

— inverse process of adsorption
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F1G. 1. Schematic illustration of interaction of vapor and substrate showing (1) mono-
mer in vapor, (2) monomer adsorbed, (3) dimer adsorbed, (4) embryo, and (5) dimer in
vapor, and the processes of (A) adsorption, (B) surface diffusion, (C) growth of embryo by
surface diffusion addition, and (D) growth of embryo by vapor impingement,
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Rys. IV.2. Elementarne zjawiska w poczatkowym okresie wzrostu powloki z fazy gazowej [Chrisey,
Hubler, 1994].
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Film growth stages

|.  Nucleation = nucleation — with or without energy
barrier

I1. The gradual increase in embryos and the creation of a
continuous coating



Thermodynamic Theory of nucleation = CAPILLARY

»on the substrate surface atom clusters are formed — clusters,
aggregates, embryos

» the course of development of the nucleus is examined by
determining changes in G

» macroscopic approach— cluster approach is treated as a
continuum phase

Substrate
energetically in further considerations

isotropic nucleus is taken as the ball

FI1G. 3. (a) Spherical cap-shaped nucleus meeting the substrate at a contact angle o/,
(b) Disk-shaped nucleus. (c) Polyhedral nucleus.




Gibbs free energy of the nucleus consists of 2 components

G=G,+G,
G, = energy (component) volume
G, = energy (component) surface

The change of free energy A G during the growth or decline in
the nucleus:
AG =AG, + AG,

AG, = - 4/3 ar3 AG, + 4 7tr °©

I - radius of the nuclus

AG, - the difference between the free enthalpy per unit volume
of the crystal and liquid

v - specific energy of the interface crystal-liquid



dependence on changes in the function of r A G

»pronounced maximum
at a certain value of the
radius

» for connection having
a value of cluster A G

increases up to r * and
Schemat zmian swobodnej energii tworzenia zarodka then dec Feases




What affects the value of AG *and r *

of the gas phase (p/py)
the greater the p/p, the smaller r * (smaller nuclei become stable)

p/pyincreases, AG * decreases (decreases the energy needed to
obtain a stable nucleus)

Increasing T at a constant stream of carbon deposition
Increases r *



Heterogeneous nucleation

Young equation

O'Gp = O-ZP + O-ZG COS @

deposition
uondiosaep

substrate




Early growth stages

»surface diffusion is sufficiently large to allow for the rapid
migration of atoms

» structures are able to achieve close to the equilibrium state,
in one of three ways

a) Volmer Weber type
b) Frank van der Merwe type

c) Stranski Krastanov type



ISLAND GROWTH; VOLMER WEBER TYPE

»materiat niejako unika podioza

»the substrate has a lower free energy than the phase
boundaries,

» atoms of the deposited material produce stronger bond with
itself than with the substrate.

» cohesive forces are higher than the adhesion

> material avoids somehow the substrate

A
g 29080 @
20 6 2060 & 000060 ©




e

Volmer-Weber




LAYER GROWTH; FRANK VAN DER MERWE TYPE

»strong binding of the substrate-coating, the adhesion forces are
much greater than cohesion in the coating material

» low surface energy coating material
» high surface energy of substrate

» fast surface diffusion is a positive factor

Opg 2076 +t0pz  and ®=0






MIXED GROWTH; STRANSKI KRASTANOV TYPE

»>in the first phase of deposition of the material forms a
continuous monolayer film in accordance with FM mechanism;
usually 1-5 layers

» these layers are beginning to nucleate 3D islands in
accordance with the VW mechanism

» both components have already been described

Examples: Ag on W, Ag on Si or Ge on Si







LATE STAGES OF GROWTH

»growth process begins to be directed by kinetic factors, not
the surface diffusion

» kinetic effects become important when the grains reach a
critical size

» diffusion on the surface is extremely limited

» slow movement of atoms prevents the achievement of
equilibrium states

» surface diffusion occurs only to a limited extent

» process of growth is controlled by Kkinetic factors



LATE STAGES OF GROWTH

a) polycrystalline

b) columnar
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Polycrystalline







Deposition process design
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Deposition technique

Hybrid PLD coating system

Rotary table (& 560 mm)
forsubstrate movement Vacuumchamber
Substrate mounting {height 650 mm)
(hesting, oooﬁng;.
Gazflow Ve:g;':
%h control
gg (Ar, O, N,...)
a3 Substrate
Ml rotation
LS Iinear
on source
. PLDevaporator
Process contro .
(plasma emission, = (rotating target)
gssanalytics Magnetron sputter sources
JOANNE optical plssma spectroscopy, (RF, MF pulsed DC)
Al -'..“‘ ”
- Raman spectroscopy, & bias voltage supply
Quartz oscillstor,

Temperature, eic.)

g o

RESEARCH



hhermal effect

Deposition process design

Transition structure  Colummnar grains
385.69K

32226K

2.034Jig ainsopdTeeKk  J9E1KN
TiN "~ 1.901J0g

———

321.48K
.~ Ti(C,N) 0.7300.ig 371.77K 378.56K
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327.95K
TiOx 0sd01lg 42THK 389.30K
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321.72K 343302 09R3604J/g 387 45K
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_ 37429K ,387.26K
Substrate

temperature

Temperature




GLSIVI-surface

CONFOCAL LASER SCANNING/MICROSCOPY

Deposition process design

Ti TIN

Trasition stucture  Columear grams
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TEM- mikrostruktura

TRANSIVIISSION ELECTRON IMIICROSCOPY:




nm
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7. Plasma
clol il

IS one of the four fundamental states of matter (the others
being solid, liguid, and gas). /Sir Willlam Crookes 1879/

Def RPartially ercompletely ienized gas i Which the
charged particlies ane inrtne state off Collective Impact

IIhe degree olfionization(e)

o' ='concentration oficharged particles /iinitial’concentration of particles
Rlasma=>Whenconcentration omilargepanticlesisiighiSethatith el presence

dEetenmines i the PrOPENIES OIIthE gas

(plasmans electrcally;conductive)


http://en.wikipedia.org/wiki/State_of_matter#The_Four_Fundamental_States
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Gas

Both and are
everyday examples of phenomena made from plasma


http://en.wikipedia.org/wiki/Lightning
http://en.wikipedia.org/wiki/Electric_spark

» Plasma (from nAdouo, "anything
formed" ) Heating a gas may ItS
molecules or atoms (reduce or increase the
number of In them), thus turning It
Into a plasma, which contains
particles: positive and negative
electrons or ions. lonization can be
Induced by other means, such as strong

electromagnetic field applied with a or
generator, and Is accompanied
by the dissociation of Af

present.


http://en.wikipedia.org/wiki/Greek_language
http://en.wikipedia.org/wiki/Ionization
http://en.wikipedia.org/wiki/Electrons
http://en.wikipedia.org/wiki/Charge_(physics)
http://en.wikipedia.org/wiki/Ions
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Microwave
http://en.wikipedia.org/wiki/Molecular_bond

« The presence of a non-negligible number of
makes the plasma so that it
responds strongly to . Plasma,
therefore, has properties quite unlike those of :
, or and is considered a distinct
Like gas, plasma does not have a definite shape or a
definite volume unless enclosed in a container; unlike gas,
under the influence of a magnetic field, it may form
structures such as filaments, beams and
Some common plasmas are found in and
In the , plasma is the most common
for , most of which is in the rarefied
(particularly ) and
In stars. Much of the understanding of plasmas has come
from the pursuit of controlled and
, for which plasma physics provides the scientific
basis.


http://en.wikipedia.org/wiki/Charge_carrier
http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Electromagnetic_field
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Double_layer_(plasma)
http://en.wikipedia.org/wiki/Star
http://en.wikipedia.org/wiki/Neon_sign
http://en.wikipedia.org/wiki/Universe
http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Baryonic_matter
http://en.wikipedia.org/wiki/Outer_space#Intergalactic
http://en.wikipedia.org/wiki/Intracluster_medium
http://en.wikipedia.org/wiki/Nuclear_fusion
http://en.wikipedia.org/wiki/Fusion_power

» Plasma Is loosely described as an
electrically neutral medium of positive and
negative particles (i.e. the overall charge of
a plasma Is roughly zero). It is important to
note that although they are unbound, these
particles are not ‘free’. When the charges
move they generate electrical currents with
magnetic fields, and as a result, they are
affected by each other’s fields. This governs
their collective behavior with many degrees
of freedom. A definition can have three
criteria:



* The plasma approximation: C
must be close enough together t

narged particles
nat each particle

Influences many nearby charged particles, rather
than just interacting with the closest particle (these
collective effects are a distinguishing feature of a
plasma). The plasma approximation is valid when

the number of charge carriers w

Ithin the sphere of

Influence (called the Debye sphere whose radius Is
the ) of a particular particle

IS higher than unity to provide ¢

ollective behavior

of the charged particles. The average number of

particles in the Debye sphere is
’ nAn (the

given by the
letter ).


http://en.wikipedia.org/wiki/Debye_length
http://en.wikipedia.org/wiki/Plasma_parameter
http://en.wikipedia.org/wiki/Greek_alphabet
http://en.wikipedia.org/wiki/Lambda

« Bulk interactions: The Debye screening
length (defined above) Is short compared to
the physical size of the plasma. This
criterion means that interactions in the bulk
of the plasma are more important than those
at Its edges, where boundary effects may
take place. When this criterion Is satisfied,
the plasma iIs quasineutral.



« Plasma frequency: The electron plasma
frequency (measuring of the
electrons) Is large compared to the electron-neutral
collision frequency (measuring frequency of
collisions between electrons and neutral particles).
When this condition is valid, electrostatic
Interactions dominate over the processes of
ordinary gas Kinetics.

« Plasma parameters can take on values varying by

many , but the properties of
plasmas with apparently disparate parameters may
be very similar (see ). The

following chart considers only conventional
atomic plasmas and not exotic phenomena like


http://en.wikipedia.org/wiki/Plasma_oscillation
http://en.wikipedia.org/wiki/Orders_of_magnitude
http://en.wikipedia.org/wiki/Plasma_scaling
http://en.wikipedia.org/wiki/Quark_gluon_plasma

Preparation of plasma

(electric discharges in gas)
due to the conditions of discharge (not-spontanous, spontaneous)
because of the time (stationary, not-stationary)
due to the physical mechanism (fluorescent, arc, RF, MW)

Factors affecting the nature of the discharge:
electrical voltage
current intensity
pressure

Gas penetration - the voltage at which the discharge ignition



gas heating

electric discharge

absorption of electromagnetic radiation
leV =1.602 10-19J = k 11.600 K
Quasi-neutrality of plasma

Stored electrical energy = energy of thermal motion
e’ner’y/e, = KT,

Debye radius - A ,

size at which the charged particles can separate in the plasma



gas heating
electric discharge
absorption of electromagnetic radiation

leV =1.602 10-19J =k 11.600 K
Quasi-neutrality of plasma

Stored electrical energy = energy of thermal motion
e’ner’y/e, = KT,

Debye radius - A 5
size at which they can separate the charged particles in the
plasma



8. Physical methods of surface modification
Physical Vapor Deposition PVD
Vapor with plasma



Thermal deposition - ions (atoms) are deposited and
partially reflected, this leads to the deposition of thin films

Sputter- or Beam-Assisted Deposition - there is the high
thermal energy to 1eV, raises the temperature of the
deposited particles in the environment during several ps,
leading to an increase of the surface diffusion, the
deposition process is still the dominant

Sputtering - from a few eV to MeV, striking ions have

energy enough to penetrate the target mainly due to elastic
collisions, emission of target atoms occurs

lon implantation - implanted ions lose energy through
electron and nuclear interaction with the substrate atoms

Radiation damage, phase transformation, ion beam
mixing - there is a slowing down of ions by collisions with

the atoms of the target giving structural effects (vacancy,
re-arranging of atoms, mixing, alloying)



Electron bombardment of solids - electrons penetrate the surface layer and
sputtering processes occur, the penetration is associated with phenomena:
generation of X-ray, Auger electrons and back-reflected electrons, secondary

electrons emitted from the surface

primary electron

elastic scattering

secondary
electron

Figure 1.13: Schematic view of an electron trajectory in an MC simulation. 7'is the
energy loss of the incident electron in an inelastic collision.
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Principles of vacuum coating

A A T A A A A LA L A A A A A A A A A A LA A A A A A A A A A A A A A A A A A A A A A LA A A LA A A

Substrate

Film

3: Nucleation and film growth stage

2. Transport stage
; 84

energy source

e, [nee) 1: Vaporisation stage
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Coating

source
vacuum

chamber
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Demands — industrial coating

high reproducibility

of optimized film properties

h I g h -I at € \ Combination of tribological,

ative, optical;

ric, decor )

electrical ..

oatings Technology 200, p. 1439-1444, 2005
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Thermal
evaporation

N\

adsorption i« [Sels! energetic | sputtering || implantation
peaks




Two stages (hybrid) method

PV/D methods Glow discharge
treatment

Nickel alloy

i
alloy °

Nickel alloy Nickel alloy



Fractography

Composite layer of type:
Al,O;+AICr,+NiAl+Ni;Al+Cr(Ni,Fe)+Ni(Cr,Fe,Al)



Model of composite layer on
Inconel

L R Ni(Cr}“e,Al)' Satan,

Inconel



http://en.wikipedia.org/wiki/Nickel
http://en.wikipedia.org/wiki/Chromium
http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Molybdenum
http://en.wikipedia.org/wiki/Niobium
http://en.wikipedia.org/wiki/Cobalt
http://en.wikipedia.org/wiki/Manganese
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Sulfur
http://en.wikipedia.org/wiki/Phosphorus
http://en.wikipedia.org/wiki/Boron

Interaction of 1ons and electrons with

a solid surface

thin film growth by
thermal deposition
B et -
increased surface diffusion/
influence on nucleation

B
sputter deposition/
beam assisted deposition
< s+
& sputtering/erosion
implantation, mixing,
phase transformation
1 1 | 1 3 1 . 1
P 190 ot 102 109 104 10‘.‘

»~  lONENERGY (eV)

Figure 1.1: Different processes occurring under ion bombardment of a
solid depending on ion energy.




10.

Cutting

Welding

Surface heating and hardening
Drilling

Surface melting or alloying

Laser rapid prototyping

Ablation and pulsed laser deposition



L_aser construction

Laser output;

parallel, monochromatic, coherent

Laser medium

Partially

Highly |
Reflective Pump Source reflective

mirror

mirror



Nd:YAG solid-state laser

Highly Partially

reflective reflective
mirror Flashlamp (pump source) mirror

ND: YAG crystal (laser medium)

Optical resonator



//upload.wikimedia.org/wikipedia/commons/9/92/Lasercons.svg
//upload.wikimedia.org/wikipedia/commons/9/92/Lasercons.svg

,Normal” light

— \ -
" =

tightly focused,
parallel



Properties of laser beam

Monochromatic (unicoloured)

L~

E
nergy Laser

strictly limited
wavelength

’normal” light

Various wavelength

=

wavelength



Cohesion (time and spatial)

Normal" light,
waves differ in phase,
spatially spread

Laser radiation,
waves in the same phase,
and
amplitude




Laser Laser medium

Hel-Neon gaseous

Argon gaseous
Carbon dioxide gaseous

Application

Measurement,
Holography,
Treatment of
materials

Treatment of
materials,

Precision treatment
of materials

Spectroscopy

Optical transmission
of information,
Treatment of
materials




visible light

ultraviolet
— (UV)

wavelengtlh [nm]  Frequency[HZz]

X-ray radiation

infrared ‘
(IR)



—

visible

(IR)

Excimer-Laser

Helium-Neon-Laser

Semiconductor.

Nd-YAG-Laser

CO,-Laser

-Laser



Wavelength Impact to eye Impact to skin

Range

inflammation of the cornea
(rogoéwki)

100-315 nm

Burn, accelerated aging
Strengthening pigment He-Ne-Laser

damage of the retina (siatkéwki)
Darkening pigment, inflammation

315-380 nm clouding the lens

380-780 nm

780-1400 nm

clouding the lens, damage of the
retina Nd-YAG-LaSEF

diode laser-

lens clouding, inflammation high power
cornea . .
inflamation

CO,-Laser

1400-3000 nm

inflammation of the cornea

3000-100000 nm







Pulse type Mechanism of destruction
Shorter than 10°s Coupled mode Electric break-down

10°do 101s Giant pulses Acoustic shock wave,
Evaporation,

Thermal processes

Pulsed laser, Thermal processes
Over 0,25s
Linear laser

Longer than 10 s Linear laser Thermal processes
Photochemical processes




Laser radiation spreading in various centers under the laws of
reflection, refraction, polarization and absorption

When monochromatic radiation, forming a parallel beam passes
through the absorbing medium, its intensity decreases as the
radiation penetration into the depths, and the change in the
Intensity of radiation describes Lambert law:

l,, | — Initial intensity and after passing the layer of a thickness x

o - radiation absorption coefficient of the medium; depends on the
wavelength

As a result of absorption of laser beams the electromagnetic energy is
converted into electrical, thermal, chemical and mechanical energy



Absorption mechanisms of the laser light

e classical
« multiphoton



Classical absorption mechanism

the wavelength A = 10.06 microns to A = 0.53 microns
/ second harmonic Nd: YAG /

called ,,Inversebremsstrahlung" - a process opposite to the braking of
electrons

/ braking radiation - due to inhibition of the electron in the electron
nucleus generates electromagnetic EM /

Classical absorption mechanism causes the acceleration of electrons in the
EM wave laser beam, the electrons collide with atoms and ionizing it,
and then escape from the plasma region by creating an electric field for
accelerating electrons, ions that follow, there is a heating of the
peripheral areas of the plasma to the relatively high temperatures,
resulti_niq In melting and evaporation followed by a large quantity of
materia

To initiate the classical mechanism of absorption, free electrons are
needed, they must be released in the process of multiphoton
absorption



for small-wavelength, for example, excimer lasers:
A =248 nm (KrF)

A =193 nm (ArF)

A =157 nm (F2)

for lasers operating with short pulses:

nano (10 °s), pico (10 -12-s) or femtosecond (10 -1°)
(excimer or CO2 lasers and

Nd: YAG laser with a modulator factor Q-switch)

« when the energy quanta of laser radiation is high — occurs laser
ablation

- athermal process - the temperature of the generated plasma Is lower
than in the case of long-term laser — allows deposition on thermally
sensitive substrates




Classification of laser surface treatment

re-melting

surface enrichment
glassy layers
plating
are-melting hardening



Rys 2.1 Schematyczns praedstawiende rozkbulow satgdenia promiensowasis lasorowego w prackrop
wiazki laserowe); a - 0 modxie podstawowym TEMy, b, ¢, d - wislomodawe),

Schemat obrdbki za pomoca lasera o dzialaniu impulsowym (TEMac) Schemat obrobki za pomocy lasera o dzisdaniu ciggtym (TEMgg).




indentation force

Wear test = | ¥

deformation

(ball pushed into the
coating)

ES SN e

platic flow

H. Jehn, G. Reiners, N. Siegel, in: DIN Deutsches Institut fur
Normung e.V. (Ed.), Charakterisierung du“nner Schichten,
DINF-achbericht,

vol. 39, Beuth-Verlag GmbH, Berlin, 1993

J | SEM image of the coating surface

after mechanical test



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

32 layered Ti/TiN coating

Cross- section of the place where penetrator was pushed into the coating



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

residual-stress caused micro-cracks

Austenite steel substrate

LN
e



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

TiN coating

Microcracks cutting through

columnar crystallites

Microcrack along grain boundaries
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32 layered Ti/TiN coating ratio 1:1

‘

~450

STEM images of cracks
propagating across the coating
under applied load

IM
I
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coating ‘ [112]TiN 11 [001] o-Ti
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- \Z.v,g‘Ti
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-
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Ratio 1:4 8 xTi:TIN



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

Analysis of mechanical properties

hardness
Penetrator Type of penetrator: Vickers 136°
load : 0.02- 30N
Surface of the coating
H [GPa] Number of layers Hardness
8X(Ti+TiN) E 10mN deviation
TiN- mono 1.40
ratio 1-1 16 247 21.74 1.40
ratio 1-2 16 255 24.14 1.90
ratio 1-4 16 263 27.12 2.10
30
25
E 20
S
()
$ 15
o
©
8 10
5

Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4

critical load [N]

scratch

Type of penetrator: Rockwell 120°
load : 0.05- 30N
speed : 0.4- 20mm/min
length of scratch  : up to 20 mm

Lcl [N] Lc2 [N]
TiN- mono 51 12,8
8x ratio 1-1 7,2 16,1
8x ratio 1-2 7 19,5
8x ratio 1-4 7 28
30
25
20
15
10
5
0 T
mono TiN Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4


http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

J.F.Archard,

Wear - VW = K(S*N/ H) J. Appl. Phys.24(1953)981

V,,— amount of the removed material, S— distance, N- load, H- hardness, K- wear coefficient

Applied load
Fn
Coated surface
I ball



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

WV*107-
] cenenaor | WEAE 6[um"3/(N*m)] | Deviation.
:ﬂfsample 06
= 11,9 2,5
2,115 04
2,55 1,02

[N
o

=
N

[N
o

(00]

»

N

N

Volume wear rate, Wv*10-6 [ nm3/Nm]

o

mono TiN Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

Conclusions

-As deposited single layered (TiN) coatings were
characterised by vertical cracking caused by
residual stress. Under the applied load; cracks at
grain boeundares open fast leading tor coating
fragmentation exposing sulistrate.

- The multlayer TIN/Ti coatings deform bothi by
prittle cracking of ceramic and plastic deformation
ofimetalic layers. The TN/ multilayer hardness
and wear was at the level of TiN till'the ceramic
phase dominated.

- [The defermation and wear o multilayer TN/
multilayer coatings; proceeds Keeping contnuity’ of
metalic layers and therefore protecting sulbstrate

(keeping corresion at bay).


http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

3cm /




hmax HiT E hmax HIiT E
[nm] HV | [GPa] [GPa] [nm] HV | [GPa] [GPa]
Mean 150 1190| 12539,1 177 Mean 126 1410| 14865,6 273
Deviat . 44,0 463,9 10 Deviat 8 62,6 659,3 22
IN 3N - A% SRENN\: o /N
N | 3 \)I- \’ » .'\
\‘ v
& p-4)

- s ) ! .‘.;l: ," - 4
‘ ‘ \_// N/ N\ /J

%

4N %
3 ﬁ; A
aigits S
>
Powloka Wskaznik zuzycia Wspotczynnik tarcia
DLC 18,11 0,09

TIN 8,86 0,2



http://www.imim.pl/index.php?id=123
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1000

2000 3000
Liczba cykli

4000

- Load sequence: 3N-5000cclei, 5N-5000cycle, 8N-5000cycle and
12N-5000cycle

5000

Trwatos¢ [kc*N]

5

Para tozyskowa

-Friction coefficient uder load 1N, rotation 150rot/min; test 20000
cycle

6

Tribology



e

Friction elements
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Normal

solidification Rapid solidification

SOLUTE
TRAPPING

LOCALISATION OF DIFFUSION

A2V = const.

d2V= const. V [m/s]
d- length of either ).  M-eutectic spacing
microstructure d representS/ R —

. or R radius
V- growth velocity




Fundamentals of Solidification

102
N
== (/0/
2 : ' \/ .
E dendrites
£ /!
< | £ & N1 9000 |
> |
Ve (G‘)
1072} 0. A W. Kurz, D. J. Fisher, Fundamentals of Solidification;
. ! 1 J TRANS. TECH. PUBL. 1992
///’//’-' NG
coarse |
W
10"' i N
107" 10

G(K/mm)



Rapid solidification types

a. Laser surface remelting

b. Casting on rotation roller (melt spinning —chips)
c. Atomization (powder)



laser treatment melt spinning atomization

velocity (V)

temperature
gradient (G)
cooling

rate (T)

G/V ratio




L aser Modification
*Nd:YAG
-CO,
*Diode laser




Figure 7.5: Scheme of longitudinal cross-section of laser track: (a) kocal solidification
rate V, = Vg cos Tand (b) variation of solidification rute with respect to axis z.
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16. Szybkie laserowe protypowanie

* Proces hybrydowy

Laserowe natapianie + szybka obrobka nagniataniem




The Hybrid Concept

Combination of different metals within one part.




Introduction
Schematic representation of the laser cladding process

Powder
stream

Molten
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Tool path generation for LC

Toolpath generation for laser cladding

Contouring

8
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Results And Conclusions

Wineglass fabricated by 5-axis LC




Sputtering sources
 diode sputtering system
 conventional magnetron
« unbalanced magnetron
» low-pressure magnetron

* magnetron-assisted ionization with electron beam or microwave
discharge rf (13.56 MHz)

 jonized magnetron

 high-power, high-speed magnetron

* magnetron sputtering system with a closed box,
« dual magnetron



The substrate is immersed in the anode plasma

The magnetic field is applied to keep the glow discharge near
the cathode (target) subjected to sputtering;

magnetic circuit is located outside the sputtered cathode to
form over it semi-elliptic channel magnetic field

Because of the very important near the plasma confinement
shield, the substrate is located in a low density plasma, the
system is achieved by using an additional external
magnetic circuit, the advantage is the possibility of
continuous control over the field shield (s) and maintain a
constant voltage at the glow discharge operating the target

(1)



Sputtering

N\

“0hPa Ar+No

Schematic diagram of the magnetron sputtering



e

B

S e

WLl i //////

VS /////

Ruch elektronu w skrzyzowanych polach E i B: a) tor elektronu w gazie silnie roz-
rzedzonym (brak zderzeri), b) tor zaklécony zderzeniami z czasteczkami gazu, powie-
lanie elektronéw

The movement of electrons in crossed E and B fields




The movement of electrons In
crossed E and B fields




\agnetron source ciagraimi(Cross Section)anad
PERMIanent magnet

1 - target-cathode, 2 - anode
3 - pole shoe, 4 - space center
5 - space erosion, 6 - shoulder with a layer of secluded



a) cylindryczne pretowe b) cylindryczne wnekowe

anoda
[

anoda. ultad magnetyczny

uldad magnetyczny

target
lon
c) liniowe

lnoda.

ultad magnetycany
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i f
substrate ’ | substrate I substrate

v .
/ FdS/MA PLASMA / /
L AL \
‘ cathode I %
magnetron l magnetron l
a) b) - ¢)

Figure 3.1: Comparison of (a) diode sputtering system with (b) CM and (¢) UM.



 Low-pressure magnetron

PLASMA CONFINEMENT ADDITIONAL IONIZATION
denser plasma
at the same pressure

= % | ?ffrinlress"o" ’2’:“‘:‘:

magnetron target magnetron target

a) b)

Figure 3.2: The basic principles of low-pressure sputtering discharge based
on (a) the improvement of plasma confinement and (b) the additional
ionization of magnetron discharge.




Magnetron-assisted ionization with electron beam or microwave
discharge rf (13.56 MHz)

Magnetron with additional gas ionization (Pau 3.4)

bias bias

hollow
cathode

|
a)

Figure 3.4: Magnetron with additional gas ionization (a) CM with the hot cathode
electron beam and (b) CM with the hollow cathode arc electron source.




lonizing magnetron
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Figure 3.5: Schematic principle of [M.

magnetron




« Magnetron sputtering system with a closed box
« Dual magnetron

va
o D = substrate

s VISR TIIIINU S

XN X
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N
X
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X
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Figure 3.7: Schematic diagram of the sputtering machine with four
magnetrons in a closed B field configuration.




Pulsed dc or rf sputtering

High-rate sputtering

Self-sputtering

Sputtered material ions assisted sputtering
Pulsed bias voltage sputtering (bias)

10. Low-energy bias sputtering

© 0N O

Processes 1-4 are used
Processes 5-10 in preparation for the implementation



Due to the level of gas pressure p,, magnetrons are divided
Into four groups:

1. Conventional sputtering p,, of > 0.1 Pa
2. Low-pressure sputtering p,, < 0.1 Pa

3. Quick sputtering with p,, > p, = 10-3 Pa
4. Self-sputtering at p,, = 0



12. Surface modification by ion impact

PI1I — used to modify the surface of semiconductor, metal,
insulator, the material is immersed In the plasma at a given
potential (negative potential - pulse)

Depending on the source of the plasma:

gas (GPIII)
solid - metal (MPIII) - or cathode sputtering process



Figure 4.1: Schematic of the GPIII (reproduced with permission from Gunzel).

Figure 4.5 Schematics of the sputtes-assisted MPIIT [25].




The difference for plasma immersion (PI11) - the higher the energy, the
occurrence arc controls the maximum energy

Energy source for ion implantation -

need to ionization of the gas or vapor using electrons with an energy of
100-200 eV (reduced pressure)

The principle of the process:

lons accelerated to high speed electrically hit the surface (they are
Implanted), and the goal is to improve the properties: electrical,
tribological, corrosion, etc.

The system consists of:
lon source
high-voltage source

Application: for metals and alloys (mainly nitrogen ion implantation),
ceramics, polymers



lon interaction with the surface

As a result of the impact of energetistic particles or atoms with the target
occurs a number of processes (Pau 10.1)

Primary particle beam \.

(2) lon-induced (3) Desorption
on-1 C

(5) Backscattering surface mobility (1) Chemical reactivity

(6) Atomic
displacements

(8) Implantatlon

Figure 10.1: Scheme of ion-bombardment effects occurring at the surface
and near-surface region of a solid (incoming ions = @, chemical and
adsorbed species = @@, material atoms = ©O).




Ton energy (eV)

The different effects displayed in Fig. 10.1 sorted by their energy range.

Figure 10.2




Selected ions are accelerated electrically to a high speed and
driven or implanted into the workpiece to increase the
properties (electrical, tribological, anti-corrosion)

In addition: isotope separator system, vacuum (10-6 mbar)
and vacuum control



» Sources with a wide aperture > 50cm?2

« Low energy to about 40eV

 Large currents up to 50kA

by microsecond electron beam effects on matter

Effects caused by heat transfer:
-re-solidification

-controlled evaporation

-cleaning surfaces

-alloying under non-equilibrium conditions



Rapid solidification — microstructure

Location diffusion in the grain boundaries and width
The limited scope of collisions between atoms



15. Laserowa modyfikacja powierzchni poprzez
przetopienie

Szybka krystalizacja — mikrostruktura

» Lokalizacja dyfuzji w obszarze ziaren 1 szerokosci granic

e Ograniczony zakres kolizj1 pomi¢dzy atomami



Normal

solidification Rapid solidification

SOLUTE
TRAPPING

LOCALISATION OF DIFFUSION

A2V = const.

d2V= const. V [m/s]
d- length of either ).  M-eutectic spacing
microstructure d representS/ R —

. or R radius
V- growth velocity




Fundamentals of Solidification
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Rapid solidification types

a. Laser surface remelting

b. Casting on rotation roller (melt spinning —chips)
c. Atomization (powder)



laser treatment melt spinning atomization

velocity (V)

temperature
gradient (G)
cooling

rate (T)

G/V ratio




L aser Modification
*Nd:YAG
-CO,
*Diode laser




Figure 7.5: Scheme of longitudinal cross-section of laser track: (a) kocal solidification
rate V, = Vg cos Tand (b) variation of solidification rute with respect to axis z.
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16. Szybkie laserowe protypowanie

* Proces hybrydowy

Laserowe natapianie + szybka obrobka nagniataniem




The Hybrid Concept

Combination of different metals within one part.




Introduction
Schematic representation of the laser cladding process

Powder
stream

Molten
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Tool path generation for LC

Toolpath generation for laser cladding

Contouring
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Results And Conclusions

Wineglass fabricated by 5-axis LC




PLD method (pulsed laser deposition)

Ablation - a process in which high-energy laser radiation
quanta produce lower bond energy between the particles,
which allows the removal of atomic layers one by one



17. Osadzanie laserem impulsowym z
wykorzystaniem ablacji laserowej

Metoda PLD (pulsed laser deposition)



Vapour energy
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Thermal
evaporation
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Inclusion energetic | sputtering || implantation
peaks
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for substrate movement
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CHAMBER ENVIRONMENT INTERACTION ON THE
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SHAPE OF THE PLASMA FLOW
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Advantages of PLD

1. high local temperatures on target surface

2. short laser pulses

3. evaporation in vacuum without the use of crucibles
4. high kinetic energies of the vaporised particles

5. very low substrate temperatures possible

J.M.Lackner; Surface & Coatings Technology 200, p. 1439-1444, 2005



The energy of particles striking the passage of ionized
particles and recombination is mainly a change in the
dynamics along a plume axis

Distribution of particles in the plume has a strong
maximum along Its axis

As ablation occurs in the vacuum forming of agglomerates
occurs which composition is depending on the energy and
could be compatible with a target chemical content

As ablation occurs In the gas core particle dissociation
occurs, leading to a reaction between the atoms

During expansion of the gas plume a collision occurs
between atoms, leading to the incorporation of foreign
particles and formation of agglomerates with the
composition compatible with the target stoichiometry



Procesy fizyko-chemiczne podczas transportu odparowanej strugi

(1)

(if)

(iii)

(v)
(v)

Energia uderzajacych czastek po przelocie 1 rekombinacji czgstek
zjonizowanych wigze si¢ gtownie ze zmiang ich dynamiki wzdhuz
0si strugi

Rozktad czastek w strudze posiada silne maksimum wzgledem osi
strugi

Gdy ablacja zachodzi w prdzni to tworzace si¢ aglomeraty w
przypadku tarczy wielosktadnikowej w zaleznosci od warunkow
energetycznych posiadajg sktad kompatybilny z tarcza

Gdy ablacja zachodzi w gazie zachodzi dysocjacja czastek
podstawowych prowadzacy do reakcji pomiedzy atomami

Podczas ekspansji strugi w gazie dochodzi do kolizj1 pomigdzy
atomami prowadzac do wigczenia obcych czastek 1 utworzenia
aglomeratow ktorych sktad jest kompatybilny ze stechiometrig
tarczy



TEM examination on cross-section
™ TITIN- 32 layers

L

Stal austenityczna (Cr- Ni

18 8)
el


http://www.imim.pl/index.php?id=123
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http://www.imim.pl/index.php?id=123
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Cr/CrN- 8 layers (HRTEM)



http://www.imim.pl/index.php?id=123
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Cr/CrN- X-ray texture tomography



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

Cr/CrN- 4 layers (defect)

Kierunek przesuwania
si¢ penetratora



http://www.imim.pl/index.php?id=123
http://www.imim.pl/index.php?id=123

The main mechanisms responsible for ablation:
 spraying collision

 thermal spraying

 spraying electron

 spraying delamination

 spraying hydrodynamic



18a. Nanomaterials and

nanotechnologies
1 nm=10"m

Gloéwka szpilki /head of pin/ 1 000 000 nm
Witos ludzki /human hair/ 50 000 — 80 000 nm
Komorki /cells/ 5000 — 200 000 nm
Proteiny /proteins/ 3-20 nm
t.ancuchy DNA (srednica) DNA chains 2 nm
Wirusy /viruses/ 10 — 200 nm

Molecule againSt VIFUSES Molekuty lekéw zwalczajacych wirusy D NM



Nanotechnology is the design and
manufacture of the structure in which at
least one dimension less than 100 nm and
which have new properties resulting from
nanosize



Nanotechnologia to projektowanie | wytwarzanie
struktur, w ktorych przynajmniej jeden
rozmiar jest ponizej 100 nm i ktore posiadajg
nowe wlasciwosci wynikajace z nanorozmiaru



Nanomaterials is a field that takes a
-based approach to

It studies materials with morphological
features on the , and especially
those that have special properties stemming
from their nanoscale dimensions. Nanoscale
IS usually defined as smaller than a one
tenth of a micrometer in at least one
dimension, though this term is
sometimes also used for materials smaller
than one micrometer.


http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Nanotechnology
http://en.wikipedia.org/wiki/Nanoscale

Sity van der Waalsa

chwilowy dipol indukowany dipol

i ——

wytworzenie chwilowego
dipola eleklrycznego
w wyniku ruchu elektronow

&~ obszar elektrycznie ujemny
o+ obszar elektrycznie dodatni

van der Waals bonding




FIZYKOCHEMICZNE
| BIOLOGICZNE PROCESY
SYNTEZY NANOMATERIALOW

e

Adsorpcja

Klasyfikacja procesow
syntezy nanomateriatow




Nano-size structures /
guantum dots, quantum wells, guantum wires

~ Carbone structures / fullerenes,
nanotubes and their modifications to other atoms,
graphene

Nanostructures and hiper-structures/dendrymers, molecular
clusters, molecular connections

Dendrimers



Artificial superlattices

/kropki kwantowe, studnie kwantowe, druty kwantowe/

[fulereny,
nanorurki I ich modyfikacje innymi atomami, grafen/

/dendrymery, warstwy

molekularne, klastery,ztagcza molekularne/

Dendrymery- to wielokrotnie i bardzo regularnie rozgalezione polimery
posiadajace strukture¢ zwang ,,gesta gwiazda”



Markery nowotworow: czerwony
kolor odpowiada kropkom
kwantowym na powierzchni komorek
raka piersi, natomiast jgdro komorki
jest zabarwione na niebiesko

Modele fulerenéw a) Cgy, b) Cop,
¢) Csqo




« Buckminsterfullerene is a spherical molecule with the

formula C60. It was first prepared in 1985 by
: : : and
at . Kroto, Curl, and
Smalley were awarded the 1996
for their roles in the discovery of buckminsterfullerene and
the related class of molecules, the . The name Is
an homage to , whose
It resembles. Buckminsterfullerene was the first

fullerene molecule discovered and it iIs also the most
common In terms of natural occurrence, as It can be found
In small quantities in

« Buckminsterfullerene is the largest matter to have been
shown to exhibit


http://en.wikipedia.org/wiki/Harold_Kroto
http://en.wikipedia.org/wiki/James_R._Heath
http://en.wikipedia.org/w/index.php?title=Sean_O%27Brien_(scientist)&action=edit&redlink=1
http://en.wikipedia.org/wiki/Robert_Curl
http://en.wikipedia.org/wiki/Richard_Smalley
http://en.wikipedia.org/wiki/Rice_University
http://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
http://en.wikipedia.org/wiki/Fullerene
http://en.wikipedia.org/wiki/Buckminster_Fuller
http://en.wikipedia.org/wiki/Geodesic_dome
http://en.wikipedia.org/wiki/Soot
http://en.wikipedia.org/wiki/Wave%E2%80%93particle_duality

Aktywacja Metoda Mgtoda
laserem elektrotukowa J ptomieniowa

|
\ A

Plazma weglowa ‘ l Piec stoneczny | Piroliza weglowodorow
L

Metody wytwarzania fulerenow

Sublimacja Kondensacja
substancji gazu Ekstrakcja Fuleren
weglowej weglowego

Schemat procesu otrzymywania fulerenow




Nanotubes

Nanorurki

Nanorurki sg trojwymiarowymi czasteczkami chemicznymi o topologii cylindrycznej, w kto-
rej to strukturze umiejscowione sg atomy pierwiastka — w pierwszych odkrytych nanorurkach
byly to atomy wegla.

Graficzny model nanorurek weglowych
Zrodio: opracowano na podstawie: S, Weber; Picture Book, Fullerenes, Livermore, California, 2004,

Historia odkrycia nanorurek weglowych jest bezpo$rednio zwiazana z fulerenami. Poczaw-
szy od roku 1985 r., kiedy to R. Smalley, H. Kroto i R. Curl przedstawili wyniki swoich doswiad-
czen nad fulerenem C_ nastapita eskalacja badan nanostruktur weglowych i w efekcie S. ljima
w 1991 . odkry! strukture nanorurek, bedacych czescig depozytu katodowego powstalego pod-
czas syntezy fulerenow metoda elektrofukowa. W tym samym roku zostaty odkryte nanorurki
wielowarstwowe, a dwa lata p6zniej kontynuacja prac przez S. lijima i D. Bethune'a z firmy IBM § nanorurki: a) jednowarstwowe, b) wielowarstwowe
doprowadzita do identyfikacji nanorurek jednowarstwowych. Zrodio: opracowano z wykorzystaniem programu NanotubeModelerver.1.3.8 firmyJCrystalSoft,




Wzrost dendrymerow

wzrost .od rdzenia”

synteza
dwuetapowa

wzrost ,do centrum”

Uproszczony schemat powstawania dendrymeru



Graphene

Flat monolayer of carbon atoms packed in the structure of the
2D honeycomb,

the basic building block for all sizes of graphite materials.

It can be:

 curled up in OD-fullerenes

* rolled in 2D - nanotubes
 arranged in a stack in 3D - Graphite



Grafen (ang.graphene)

Plaska monowarstwa atomow wegla upakowana w strukture 2D
typu plastra miodu; podstawowy blok budowlany dla
materialow grafitowych wszystkich rozmiarow.

Moze bys: zwinicty w OD —fulereny
zrolowany w 2D — nanorurki
utozony w stosie w 3D — grafit

Brak podstawowej przerwy energetycznej w strukturze elektronowej



Graphene is an of , Whose structure IS
one-atom-thick sheets of carbon
atoms that are densely packed in a honeycomb crystal
lattice.  The term graphene was coined as a
combination of and the suffix by

,  who described single-layer
carbon foils In 1962.  Graphene Is most easily
visualized as an made of
carbon atoms and their bonds. The crystalline or
"flake" form of graphite consists of many graphene
sheets stacked together.


http://en.wikipedia.org/wiki/Allotrope
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Plane_(geometry)
http://en.wikipedia.org/wiki/Sp2_bond
http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/-ene
http://en.wikipedia.org/wiki/Hanns-Peter_Boehm
http://en.wikipedia.org/wiki/Chicken_wire_(chemistry)




Graphene
methods of preparation
laboratory (A.Geim, K.Novoselov) tixo

» thermal decomposition of silicon carbide, silicon
sublimation from SiC plate (at > 1600degC)

» epitaxial CVD (ITME) evaporation of silicon from
SIC by laminar flow of argon, propane C3 H8
(diffusion coefficient different for silicon and

propane in argon at > 1600degC



Grafen

Laboratoryjna (A.Geima, K.Novoselova) tixo

 rozkladu termicznego SiC ;sublimacja
krzemu z ptytki SiC (temp. >1600°C)

» epitaksjalna CVD (ITME) odparowanie
krzemu z S1C przy laminarnym przeptywie
argonu + propan C; Hg (r6zny wsp.dyfuzji
Krzemu I propanu w argonie)



NanoproszkKi
- metody chemiczne
dyspersyjne metody mechaniczne (mielenie, wibracje, tarcie)

- metody prozniowe

Nanowlokna
= elektroprzedzenie
- - sprying of alloys

mechaniczne (wydmuchiwanie stopu)

- chemiczne



» Nanoproszki
-metody chemiczne

-dyspersyjne metody mechaniczne (mielenie,
wibracje, tarcie)

-metody prozniowe
« Nanowlokna
-clektroprzedzenie
-mechaniczne (wydmuchiwanie stopu)
-chemiczne



 Porous nanomaterials

ztgezenie
krzyzowe

surfaktant

™ nanokanalik
wodny

porowata

_ sie¢ koloidaina [l
proces katalizy

na powierzchni
71
PR

temperatura
25-80°C
m—m—

czas trwania

od godzin
(L) Odo kilku dni

nanoczastki substancja A
: x kie
(np.: koloidalna  grganiczna lep :
krzemionka, g,,k! ef' nanoczastki —
polimer lateksowy) 10-1000 nm

Przyktady przestrzennej struktury materiatow nanoporowatych: a) struktura
porowata nieregularna, b) struktura zbudowana z kulistych nanoczgstek o
srednicy < 200 nm i odleglosci pomiedzy nanoczgstkami wiekszej niz 500 nm




NERE RGN

« Nano-composites

nanonapetniacz 20 osnowa

Model of nanostructure 2D



 Functional nanomaterials
e Catalitic nanomaterials

Nanoczastki Au 300K

na podtozu
TiOz [110]

Nanoczastkl Au
na podiozu
MgO [100]

wzgledem SO,
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Gestose nanoczgstek Au

Struktura powierzchni katalizatora nano-Au: a) topologia powierzchni;
b) zaleznos¢ aktywnosci chemicznej od podtoza

» Electronic nanomaterials
« Magnetic nanomaterials



« Nanolayers and nanocoatings

a)

Faza
niemagnetyczna

magnetyczna

Kompozyt jako nanomaterial magnetyczny: a) schemat budowy nanokompozytu magnetycznego;
b) obraz struktury nanomateriatu magnetycznego z tunelowego mikroskopu elektronowego




Warstwa TBC nowej generacjl /

Ceramiczne bariery ciepine:
8YSZ, ZrO,«(La,0,,Nd,0,, Gd,0,)

Ceramiczna barlera ciepina (TBC)

Warstwa praejsciows
Barlera dyfuzyjna dia tienu \\

Warstwa pranjsciown \\

[ /1, Warstwa wiataca (BC) |

ble

Bartera dyfuzyjna dia ‘ powy<!

Warstwy przejéciowe:
AlL0,,QC) (Al-Cu-Fe)

Warstwy wiatace:
NiCoCrAlY, NiAl-Hf

Zewnelrzna powloka nanometryczna
TIC B)/B.C-C nanowarstwy

naprzemienne
Catkowita grubosc ~ 2 ym
(warstwa niskotarciowa)

~7.5um

Obszar przejsciowy

kompozycja gradientowa TiCrCN
Catkowita grubosc ~ 0,5 um
(miedzywarstwa adhezyjna)

Wewnetrzna powioka nanometryczna
rNaprzemiennie warstwa wieloczasteczkowa
TiCrCN (300 nm)/TiCr(50 nm)

~ 2 nm nanowarstwy;

~ 5 um catkowita grubosé

(odporna na korozje warstwa)

Masowe materiaty podloza,

np. naweglony Pyowear 675

Schemat powtoki ochronnej
z barierq cieplng

Schemat wielowarstwowej
nanostrukturalnej powtoki
przeciwzuzyciowej
zaprojektowanej do
zastosowania na kotach
zebatych w przemysle
lotniczym




Przyktady nanostrukturalnych powtok hydrofobowych i ich zastosowan



 Biocompatibile coatings

. Czqstkl
& W roztworze
. < ® Powloka CaP
Y Nukleacja
lnterfe;s
organlczny
.. .

heterogeniczna
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\ Podioze

Powloka CaP wytworzona z
wykorzystaniem biomimetycznego
procesu osadzania SIM: a) schemat
procesu osadzania, b) obraz
mikroskopu SEM powierzchni
powltoki




Devices in nano-scale
* Photonic nano-devices (Maz.2.99)

wrest ot

The principle of operation of the light
source using carbon nanotubes

> 3 g LY
e~ T

« Nano-sensors and biosensors

« Nano-elements prone and moving

* Nano-drive

« Nano-machines and nano-robots

« Nano-manipulatorof particles and molecules
« Nano-source power, nano-generator

« Nano-filters active



Urzadzenia w nanoskali
e Nanourzadzenia fotoniczne (Maz.2.99)

Zasada dzialania zZrodta swiatla z
wykorzystaniem nanorurki weglowej

Nanosensory I biosensory
Nanoelementy podatne 1 ruchome

* Nanonapedy

Nanomaszyny i nanoroboty

« Nanomanipulatory czastek 1 molekut

« Nanozrodta zasilania, nanogeneratory
Nanofiltry aktywne



Nanodiagnostic and nanometrology

molekula chemiczne
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1 um

Zdolnosc rozdzielcza




Nanotechnology

Synthesis of nanoparticles and crystallites
 Production nanometals

 Production of composites

 Preparation of surface nanostructures
 Production of semiconductor nanostructures

« Design and manufacture of process equipment

Advanced universal components / plasma sources,
lon sources, vacuum systems, microwave systems,
distributed control systems /




Nanotechnologie

* Synteza nanoczgstek 1 krystalitow

* Produkcja nanometali

e Produkcja kompozytow

« \Wytwarzanie nanostruktur powierzchniowych

e Produkcja nanostruktur pétprzewodnikowych

* Projektowanie 1 wytwarzanie urzadzen technologicznych

« Zaawansowane podzespoty uniwersalne /zrodia plazmy,
zrodta jonow, uktady proézniowe, uktady mikrofalowe,
rozproszone systemy sterowania/



ElECirespInning

TISSUE precursors — Electiospinningitechnelegy.

Spinning tip

Capillary

to electrostatic repulsion

SLOW ACCELERATION

—— metallic needle



http://upload.wikimedia.org/wikipedia/commons/c/ca/Electrospinning_Diagram.jpg
http://upload.wikimedia.org/wikipedia/commons/c/ca/Electrospinning_Diagram.jpg
http://upload.wikimedia.org/wikipedia/commons/c/c9/Taylor_cone.jpg
http://upload.wikimedia.org/wikipedia/commons/c/c9/Taylor_cone.jpg
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Antythrombogenic function

Porous coatings

Substrate with ceramic/metallic coatings

Sara Morgenthaler, Christian Zink, Brigitte Stadler, Janos V6rés, Seunghwan Lee, Nicholas D. Spencer,a and Samuele G. P. Tosatti;
Poly L-lysine-grafted-poly,ethylene glycol-based surface-chemical gradients. Preparation, characterization, and first applications;
Biointerphases 1,4, American Vacuum Society December 2006



Grow stimulation

Stymulacja narastania Endothelial cells

Muscule cells Komorki srédbtonka
)1

Komorki miesniowe

Syntetyczny material [‘_ |
porowat_y_‘_ B l Iy

|ﬁ’_(

Syntetic semi-porods material

Bialko: Fibronektyna
lub biatka surowicy

rotein: Fibronectin
r serium protein
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Porous coatings
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19. Surface modification using thermal plasma

Thermal Plasma

Sketch of the coating structure with splats, un-melted particles, voids, pores.

Deposition using plasma



Following plasma spraying systems are distinguished:

Flgwre 93 (2) Sketch of the wire-are spraying peocess and (1) geiimey sl secondry
atmbzation gas m wire-are sprying




The first application of plasma spraying techniques - focused on
corrosion protection of steel plates by the hot-dip zinckify - was developed on
early in the twentieth century by Schoop




Division of plasma

spraying techniques

Combustion-based
Based on

power .
f Q L electricity
fire / flame * @ under-/ over- @ @

detonation sound arc * plasma*
T[°C] ~3000 ~ 3000 ~ 3000 ~4000 5000 -25000
V [m/s] 40-100 ~ 2000 400 - 1000 - 1600 50 - 150 80 - 300




thermal cutting strength and
conductivity performance hardness

thermal Dbridges' self-sealing friction- friction-
barriers heat wear slip



Thermal spraying coatings

Sequential lmpact of Two Nickel Part
Diameter = 60 i , Velocit Multiple Impact of Nickel Particles on 0.5%0.5 mm Stanless Stecl
Diameter = 40-80 Um , Velocity = 40-80 m/s, act time Mmterval =2 [is
T, =2050°C, T, =368°C, R=5 H R e :

T, =1600-2000°C, T, =20°C, R =107 m*K/W




Thermal spraying coatings m

Thermal spraying coatings can be characterized by:

* high resistance to abrasion, high temperature and corrosion

* thermal parameters set (Thermal Barrier Coatings - thermally insulating coating)
* biocompatibility (Hydroxyapatite - NATR. plasma, amorphous 30 - 200 um)

In addition are obtained:

layer of ion guides in the cells (Solid Oxygen Fuel Cells).
electrodes and dense membranes)

regeneration of used machinery parts, chemical equipment, decorative coatings
You can spray multilayers (eg in order to reduce the difference of coefficients

thermal expansion of the substrate and the applied layer), and to obtain graded materials
(FGM Functionally Graded Material) with a gradient composition, particle size, porosity.



Thermal spraying coatings

Particle

Empty space

Substrate

Oxide inclusion

Not-remelted particle

Typical surface morphology



Thermal spraying coatings

OER
| |
Comparison of spraying methods

Szybkosé Adhezja Zawartos¢ Porowatosé Predkos¢ Typowa
czagstek [m/s] [Mpa] tlenkow [%] [%] Porosity nanoszenia grubos¢
Particle speed Ahesion Oxides [kg/h] powtoki [mm]
concentratio Deposition Typical
rate coating
thickness

n

I I I I S I
Flame

= S I S S
Arc

B S I I N
Plasma

| 1-2 o t-5 | o02-2

<8
HVOF 600 - 1000
>70

Detonacyjne 800 - 1000
Detonation
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Szybkosé Adhezja Zawartos¢ Porowatosé Predkos¢ Typowa
czqstek [m/s] [Mpa] tlenkow [%] [%] Porosity nanoszenia grubosé
Particle speed Ahesion Oxides [kg/h] powtoki [mm]
concentratio Deposition Typical
n rate coating
thickness
Ptomieniowe 40 <8 10 - 15 10 - 15 1-10 0,2 - 10
Flame
tukowe 100 10 - 30 10 - 20 5-10 6 -60 0,2 -10
Arc
Plazmowe 200 -300 20 -70 1-3 5-10 1-5 0,2 -2
Plasma
HVOF 600 - 1000 >70 1-5 0,2 -2
Detonacyjne 80c ‘" i *-2,5 bd
Detonation - »
$oriaca Powto! Cathode

Zawdy Zawdy Zawdr
azotu  palwa tlerm

gas

Plasma




Powtoki natryskiwane termicznie m

Charakterystyka uzyskiwanych powtok:

*mozliwo$¢ nanoszenia warstw metali (Ti), stopow (NiCr), ceramiki (Al:0s), cermetw (Corat pokeyty povicrzchniono i)
weglikéw (Cr:Cs)

*nanoszone warstwy mogq by¢ grube

‘wigzanie warstwa - podtoze jest mechaniczne, adhezyjne lub dyfuzyjne
(nie wystepuje nadtopienie powierzchni podtoza)

‘mozliwe jest natryskiwanie materiatéw i podtozy metalurgicznie niezgodnych (T:>T)

*tanio, fatwo i szybko nanoszone powtoki regenerujace czesci urzadzen sq wytrzymate
(zwiekszenie zywotnosci maszyn)



dotad oparte
na technice:
electron . _

beam - Thermaty groun =
physical S
vapor /

deposition
(EB-PVD)

Cialing
gas
' temperaturs

Intarior
coalant
gas

<
o
E
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'I_II

™ Insulative
tharmal
barrisr
" resistant
bond coat

buffer layer - NiAl or NiCr
thermal barier - ZrO2+(MgO,CaO)

Turkinge
blads




Uszczelnienia -
natryskiwanie plazmowe

: WL e
wymacana duza
norowatosc oraz
kruchos¢
warstwy
uszczelniajacej

ah { P97 T " abvndnbls sl Ao ’ 11 POV
rFie. 404 — (_)k erviety of abradable seal de SIS requirenie 1nts.
q !







Casl iron cylinder liner area Plasma cylinder liner area
Edge contact possible Float-mounted piston ring
(hydrodynamic lubrication)

J. Morgiel



Price-performance ratio
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Composite materials
or HYOF
{High Velocity Oxy-Fuel)
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Performance

A
Cast iron Nickel Dispersion Coatings
or Electric Arc Wire Spraying (Galvanic Process)




Powtoki natryskiwane termicznie
Y PER
o

Podsumowanie

Proces ITT etapowy:

Generacja energii termicznej/

kinetycznej Strumien (ptomien, plazma itd.):

I Interakcja energii z -sktad
materiatem nanoszonym *femperatura

‘ ‘predkosé
akcja rozpylonych -odlegtoéé
podtozem -otoczenie

-zaburzenia

Wprowadzanie materiatu:

rozmiary i ksztatt czastek i drutu

*predkos¢ wprowadzania

o Podtoze:
‘metoda wprowadzania i -zanieczyszczenie powierzchni
geometria -temperatura
-gaz noény - przeptyw i predkosé ‘wiasciwosci fizyczne i chemiczne

, , . ) .. *predkosé wzgledem dziata
Wtasciwosci chemiczne i fizyczne Pre g



Arc discharging (Arcing) - an electrical discharge
with a relatively high current at relatively low
voltage, characterized by a collective mechanism
of electron emission cathode

Arcing is used for surface modification and synthesis
of thin films

 Arcing

. ?|O\)N discharge radio frequency of 13.56 MHz
RF

« Microwave discharge of 2.45 GHz (MW)



20. Odparowanie lukowe

Wyltadowanie tukowe — wyltadowanie elektryczne o
stosunkowo wysokim pradzie przy wzglednie niskim
napi¢ciu, charakteryzuje sie kolektywnym mechanizmem
emisji elektronow z katody

Wyltadowanie tukowe stosuje si¢ do modyfikacji powierzchni
| syntezy cienkich warstw

* Wyltadowanie tukowe

« Wyltadowanie jarzeniowe czestosci radiowe] RF 13.56
MHz

* Wyltadowanie mikrofalowe MW 2.45 GHz



juk z katoda
wyladowanie “ termoemisyjna
jarzeniowe
1m
« 1
logarytm pradu wytadowania

logarytm gestosci pradu

na katodzie

przebicie
przy wysokim
cisnieniu

wyladowanie
Jarzeniowe
anormalne

przebicie .
przy niskim
ciSnieniu

fuk z katodg
termoemisyjng

D e e B e =

normalne wyladowanie
jarzeniowe

lr | ) \ ,Iuk Z zimnq katodg
termoemisja ..« .

0,001 0,01 0,1 100 1000
prad [A]

Charakterystyka napieciowo-pradowa wyladowania elektrycznego w gazie [41]




Aston darkroom
cathode glow
cathodic darkroom
glow negative (negative glow)
Faraday darkroom
positive glow
darkroom anodic
anode glow



Struktura wyladowania jarzeniowego

KATODA (-)
ciemnia Astona
poswiata katodowa
ciemnia katodowa
jarzenie ujemne (poswiata ujemna)
ciemnia Faradaya
jarzenie dodatnie
ciemnia anodowa

jarzenie anodowe (poswiata anodowa)
ANODA (+)



Color light-emitting zone in glow discharge

Barwy stref §wiecacych w wyladowaniu jarzeniowym [36]

Swiecenie katodowe Jarzenie ujemne Swiecenie dodatnie

Czerwony Rézowy Czerwonor6zowy
Zolty Pomaranczowy Czerwonobrazowy

Rézowy Ciemnoniebieski Ciemnoczerwony

Czerwonobrazowy Jasnoniebieski Rézowy

Rézowy Niebieski Rézowy

Czerwony Jasnozolty Czerwonozolty
Powietrze R6zowy Niebieski Czerwonozolty




Coating of Tubes

First steps of
pre-treatment and film deposition
Inside long tubes



* Problems in using traditional PVVD/CVD coating

techniques:

— PVD: directed particle beam (plasma)
low deposition rate on surfaces parallel to directed

beam
In holes: Depth/diameter ratio high => very low rate

— CVD: deposition from gaseous precursor — easier coating in

holes
traditional precursors require high temperatures

only carbon / metal-organic precursors allow coating
on polymers

» Need for coating inside tube-shaped medical parts:

— Direct contact to body fluids (blood, etc.)
— Prevention of any harmful body reactions



Coating system

Pump Coating setup

Pump valve ,
Pressure gauge

¥ Anode / +

Control unit

Gas supply (MFCs)
Pressure measurement

Gas / power supply
(control unit)

HV Pulse Generator

Plasmastrom (ungeregelt)

Pulse width (5-20 ms range
Pulse frequency (20-550 Hz)

Supplier:
Diener Electronic GmbH



System specification

Power supply: 25 kV, 20-550 Hz pulsing, 5-20 ms pulse width
Gas supply: 0-40 sccm gas flow (nearly all gases useable)
dosing vapours by bubbler unit (e.g. HMDSO, metal-organics) and
use of carrier gas
Vacuum conditions: working pressure: 0.2 — 1.4 mbar

Pulse shape:

LeCroy

e

500 us/div

?

2 kV/div
200 mA/div



Operation / plasma emission

Cathode / -

Cathode glow Anode giow

| Negative glow Positive column striations
Anode

Cathode|
o | IR ®
A (O~

.f
|

—_ _
| | | Dark region
Faraday dark space

S Bright region

Crooke’s dark space
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Background — discharge

D
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ZUr Il’umpe
Grundzustand angeregtes Atom Strahlung

Electrical conduction in gases — ionization and radiation phenomena



Background — Glow discharge

Aston’scher Dunkelranm:

Wenige Elektronen, zu langsam zur Anregung

Glimmhaut; Hohe lonendichte, Elektronenenergie reicht zur

Anresung (micht womsation )

Hittorf scher (Crook scher) Dunkelraum: Elekironen

"-'n:l"ll_'li swerler I'lL":‘iI_' hll_'lI[IIFI l'llh LUT II.'II'IIHIIE'It'I'I'I.‘ﬁ.'I'IL"I'gIC

\ MNegative Siule (Glimmlicht): lonisationstront, Licht durch
Rekombinationsstrahlung
= E(x) ) Faraday'scher Dunkelraum:

/—{-——:ﬁ\_ - - Geringe Elektronenenergme als Folge melastischer St60e an der

- lomisationsfront, freie Weglinge kurz, Feld klein und nicht zur

p T

—

Anregung ausreichend

versch. Dunkelraume Positive Saule:

(|

Cuasinentrales Plasma { £y = ). kleines elekinsches Feld,

DO
e

L)
-
-

Spanmuingsabfall durch elekimschen Widerstand

-

Amnodenfall: Negative Raumladung

Kathode

7

.
1. Kathoden- negatives pos. Sédule anod.
chicht Glimmlich Glimmlicht
Aston‘scher Hittorf‘'scher Faraday‘scher

Dunkelraum



Background — Glow discharge

Kathode Anode

— +
Kathode Anode
BN\ i
1. Kathoden- negatives pos. Saule anod.

schicht Glimmlicht Glimmlicht

Quelle: http://wSjgv.com/rife




Background — glow discharge

Input energy (kinetic energy)

/+\ _

Inelastic collisions Elastic collisions Dielectric loss

4/\ | >
lonization .- Excitation «———————— :
VU T -
|

Recombination Recombination ‘Step Reabsorption
at wall in gas excitation in gas
Radiation 7)

UV /IR/VIS Heating of gas
o and walls
radiation

Energy conversation in positive column of glow discharge plasma



Background — glow discharge

Kathode Dunkelrdume Anode
lonenstrahl Kathoden-
Kanalstrahl d pos. Saule | strahl



a. Spectroscopic methods of surface analysis

b. Structure diagnostics (AFM, SEM, TEM, Acoustic
Microscopy SAM, Confocal Laser Microscopy CLSM)

c. Residual stress and methods of measurements



Critical properties during deposition and surface modification
 Fizysorption and chemisorption
 Surface tension

— van der Waalsa forces— reversible

—atomic binding, polar, ionic chemical reaction —
—often irreversible



Electrical Mechanical Kinetically Magnetic
properties Properties controlled
magnetic
-heterojunction | -metal fatigue -adsorption-- -height
-recombination | -adhesion segregation magneto-
processes -adsorption _catalysis resistance
diffusionand | _eta)/ceramika | -activation -normal
subsidies . L magnetic
... | -metal/polimer | -poisoning
-electromigration ANisotro
-hard layer -corrosion Py
-nitrides -sedimentation
-carbides -growth




Optical microscopy (LM resolution 250nm)
Scanning electron microscopy SEM (10nm)
Transmission electron microscopy TEM (0.2nm)

Atomic force microscopy AFM (0.2nm)



Spectroscopy examines and explains the interaction between

matter theory, which is a collection of atoms and molecules and
electromagnetic radiation. These interactions cause a change in
the internal energy according to the principle of conservation of

energy expressed by the formula:




Photoelectron spectrometry: PES,
Reverse photo-emission: IPES

Electron energy loss spectrometry: EELS,
United strictly surface: FES, INS, FIS

Infrared Spectrometry: IRS, DS, FTS,
Light scattering: BS, RS,

Inelastic neutron scattering INS, ICNS, TF, NSE, IINS, ONS,
CN, VNS,

Point-contact spectroscopy: PSC, TEF,
Electron energy loss spectroscopy: EELS
He atoms scattering: HAS

Inelastic X-ray scattering: IXS



Diagnostics of coatings based on
electron spectroscopy and
photospectroscopy



«chemical composition

eidentification of the phases and
their distribution in the sample

characteristics of interphase
boundaries

Excitation source

LN



Excitation squrce g

l ’:‘igiglsed optical X-ray electron ions
Optical F@S UV, U@
PL,(EL
X-rays XRF, XRD :K@AES,S@A)
TEM{AES
Electron EMPA LEED, EELS
lons PIXE |IAES SIMS,RBS,

AES-Auger Electron Spectroscopy
EELS-electron energy loss spectroscopy
EL-ellipsometry

EMPA-electron microprobe analysis
ERDA-elastic recoildetection analysis
ESD-electron simulated desorption
LEED-low energy electron diffraction
IAES-ion-induced Auger electron spectroscopy
IR-infrared spectroscopy

XRD-X-ray diffraction analysis
VIS-visible absorption

XPS-X-ray photoelectron spectroscopy

NRA-nuclear radiation analysis NRA,ERDA
PIXE-particle-induced X-ray emission
PL-photoluminescence

PSD-photon stimulated desorption
RBS-Rutheford backscattering
SEM-scanning electron microscopy
SIMS-secondary ion mass spectrometry
UPS-ultrafiolet photoelectron spectroscopy
UV-ultrafiolet absorption

XRF-X-ray fluorescence

XAES-X-ray induced AES



Methods limit od detectio

0,1-1 % at.
0,1-1 % at.

0,1 % at.

0,1 % at.
0,1-1000 ppm
0,1-10 ppm




Measured value — Photons | Electrons | Particles Fields
Detection | IR-FTIR | EMPA
Photon SERS,XRD BIS

XRF
Electron AES

XPS-ESCA EELS

SEXAFS LEED

UPS, XANES | sem
Particles RHEED I1SS(ions)
-ions NAA(neutrons) | AP
-Neutrons RBS(ions)
-Atoms SIMS(jony)
Fields
-Force AFM
-Electric STM
-Magnetic MFM




Methods for the analysis area as a function:
collected information

Information | Methods Vacuum
Analitycal AES UHV

XRF Normal vacuum up to atmosphere

NAA None

RBS Normal vacuum

SERS Atmosphere + liquid

LAMMA Normal vacuum

GDS None

SIMS UHV + gas

XPS-ESCA UHV




Information | Method Vacuum
Morphology | SEM Normal vacuum
AFM None
STM Normal vacuum up to atmosphere
Crystal
structure | *RP INONE
LEED UHV
RHEED UHV
-long range STM UHV
-close range EXAES UHV
Electron UPS UHV
structure EELS UHV




Analytical methods:
« An elementar surface analysis
With knowing of the elementar bounds

« Quantitative analysis

« Very small concentrations

« Fast in-depth analysis (destructive)
With many elements in the sample

« Non-destructive in-depth analysis

« Knowledge of the surface morphology
Atomically resolved

At molecular scale

« Knowledge of the crystal structure;

AES
ESCA

NAA, XRF
SIMS, AP
SIMS
GDS

RBS

SEM
STM
AFM

ISS, LEED, RHEED, STM, GIXS



Analytical methods (cont.):

« Short-distance order EXAFS, SEXAFS
« Cartography of elements SAM
....spatially resolved XRF, SIMS

Knowledge of the electronic structure ARUPS, EELS

Work without UHV contraintsGDL, XRD, AFM
..and even with liquidus! STM, AFM

Investigating organic materials FTIR, XPS

ARUPS: Angle resolved ultra violet photo electron spectroscopy
SAM: Scanning Auger microscopy



Chemical analysis (elements and bindings)
XRF lub EMPA; EXAFS lub SEXAFS (surface)

Analysis of the surface properties: ellipsometry, megneto-
optical Kerr effect (MOKE)

The most effective methods of surface analysis:

- based on the emission of X-ray: XPS lub ESCA (electron
spectroscopy for chemical analysis); AES; XRF

- based on the absorption of X-ray : SEXAFS
- based on electron : AES (range 1 to 2.5nm)
- based on ions: SIMS

- ellipsometry and Kerr optical effect

- measurements of the wetting contact angle

- Raman spectroscopy




AAS:
AES:

AFM:
AFS:
AP:

ATR:
BET:
BIS:

CP/MAR/NMR

Atomic absorption spectroscopy
Auger electron spectroscopy

(lub: Atomic emission spectroscopy)
Atomic force microscopy

Atomic fluorescence spectroscopy
Atomic probe

Attenuated total reflexion (estabione odbicie catkowite)
Bruauer, Emmet, Teller

Bremsstrahlung Isochronal Spectroscopy
(lub: bioelectrical impedance spectroscopy)

Cross polarization magic angle rotation
NMR (nuclear magnetic resonanse)



EBIC:
EDS:
EDX:
EELS:
EPMA:
ESCA:

(S)EXAFS:

FTIR:

GDL.:
GISAXS:
GIXS:
IBAD:
IBS:

ISS:

Electron beam-induced current
Energy-dispersive spectrometer
Electron dispersion X-ray (spectroscopy)
Electron energy loss spectroscopy
Electron probe microanalysis
Electron spectroscopy for chemical analysis

(Surface) Extended X-ray absorption fine
structure

Frustrated total internal reflexion

and Fourier transform infrared

Glow discharge lamp

Grazing incidence small angle X-ray scattering
Grazing incidence X-ray scattering
lon-beam-assisted deposition

lon-beam sputtering

lon scattering spectroscopy



LAMMA:
LEED:
MBE:
MFM:
MOKE:
NAA:
NMR:
PIXE:
RBS:
SEM:
SERS:
SIMS:

(TOF)-SIMS:

Laser assisted microprobe analysis
Low-energy electron diffraction
Molecular beam epitaxy

Magnetic force microscopy
Magneto-optical Kerr effect
Neutron activation analysis
Nuclear magnetic resonanse
Proton-induced X-ray emission
Rutheford backscattering
Scanning electron microscope
Surface-enhanced Raman spectroscopy
Secondary ion mass spectroscopy
Time-of-flight SIMS



SNMS:
SNOM:
STEM:
STM:
TEM:

(HR)TEM:

UPS:
WDS:
XANES:
XAS:
XPS:
XRD:
XPF:

Secondary neutral ion mass spectroscopy
Scanning near field optical microscopy
Scanning transmission electron microscopy
Scanning tunneling microscopy
Transmission electron microscopy
High-resolution TEM

Ultraviolet photoelectron spectroscopy
Wavelenght-dispersive spectrometer
X-ray absorption near edge structure
X-ray absorption spectroscopy

X-ray photoelectron spectroscopy

X-ray diffraction

X-ray fluorescence



b. Structural diagnostics (AFM, SEM, TEM)

STEM - scanning, transmission
electron microscope

SEM - scanning electron
microscope

FIM - field ion microscope

REM - reflective electron
microscope
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-
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PCM - phase-contrast microscope

| STM - scanning tunneling
C .7 ¢ uf Jimicroscope

Pozioma skala




Thermionic electron gun

Filament

Bias
resistor

=

Wahnelt
cylindar

10-1000kV
+

Crossavear

C—

Anode =

earth potential

This is the type of electron
gun used in most electron
microscopes. It is robust,
relatively cheap and does not
require an ultra high vacuum,

In the ‘hermionic electron
gun, electrons are emitted
from a heated filament and
then accelerated towards an
anode

A divergent beam of electrons
emerges from the anode hole.

Field emission electron gun

Crossaver

In the field emission gun, a
very strong electric field (10°
Vm') is used to extract
electrons from a metal
filamenl. Temperalures are
lower than that needed for
thermionic emission.

This gives a much higher
source brightness than in
thermionic guns, bul requires
a very good vacuum.




A pEriu e

Gun crossover Change focus

Overfocused
Focused
Underfocused

Focused:
llluminated area is at
a minimum







Objective
aperture







Objective
lens

Bright field
image




Objective
lens

Low
resolution
dark field

image




Objective
lens

High
resolution
dark field

image




intermediate

buffer 3
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buffer 1

substrate
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indentation force

Wear test = | ¥

deformation

(ball pushed into the
coating)

ES SN e

platic flow

H. Jehn, G. Reiners, N. Siegel, in: DIN Deutsches Institut fur
Normung e.V. (Ed.), Charakterisierung du“nner Schichten,
DINF-achbericht,

vol. 39, Beuth-Verlag GmbH, Berlin, 1993

J | SEM image of the coating surface

after mechanical test
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32 layered Ti/TiN coating

Cross- section of the place where penetrator was pushed into the coating
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residual-stress caused micro-cracks

Austenite steel substrate

LN
e
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TiN coating

Microcracks cutting through

columnar crystallites

Microcrack along grain boundaries
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32 layered Ti/TiN coating ratio 1:1

‘

~450

STEM images of cracks
propagating across the coating
under applied load

IM
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Ratio 1:4 8 xTi:TIN
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Analysis of mechanical properties

hardness
Penetrator Type of penetrator: Vickers 136°
load : 0.02- 30N
Surface of the coating
H [GPa] Number of layers Hardness
8X(Ti+TiN) E 10mN deviation
TiN- mono 1.40
ratio 1-1 16 247 21.74 1.40
ratio 1-2 16 255 24.14 1.90
ratio 1-4 16 263 27.12 2.10
30
25
E 20
S
()
$ 15
o
©
8 10
5

Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4

critical load [N]

scratch

Type of penetrator: Rockwell 120°
load : 0.05- 30N
speed : 0.4- 20mm/min
length of scratch  : up to 20 mm

Lcl [N] Lc2 [N]
TiN- mono 51 12,8
8x ratio 1-1 7,2 16,1
8x ratio 1-2 7 19,5
8x ratio 1-4 7 28
30
25
20
15
10
5
0 T
mono TiN Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4
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J.F.Archard,

Wear - VW = K(S*N/ H) J. Appl. Phys.24(1953)981

V,,— amount of the removed material, S— distance, N- load, H- hardness, K- wear coefficient

Applied load
Fn
Coated surface
I ball
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WV*107-
] cenenaor | WEAE 6[um"3/(N*m)] | Deviation.
:ﬂfsample 06
= 11,9 2,5
2,115 04
2,55 1,02

[N
o

=
N

[N
o

(00]

»

N

N

Volume wear rate, Wv*10-6 [ nm3/Nm]

o

mono TiN Ti/TiN ratio 1:1 Ti/TiN ratio 1:2 Ti/TiN ratio 1:4
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Conclusions

-As deposited single layered (TiN) coatings were
characterised by vertical cracking caused by
residual stress. Under the applied load; cracks at
grain boeundares open fast leading tor coating
fragmentation exposing sulistrate.

- The multlayer TIN/Ti coatings deform bothi by
prittle cracking of ceramic and plastic deformation
ofimetalic layers. The TN/ multilayer hardness
and wear was at the level of TiN till'the ceramic
phase dominated.

- [The defermation and wear o multilayer TN/
multilayer coatings; proceeds Keeping contnuity’ of
metalic layers and therefore protecting sulbstrate

(keeping corresion at bay).
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1000

2000 3000
Liczba cykli

4000

- Load sequence: 3N-5000cclei, 5N-5000cycle, 8N-5000cycle and
12N-5000cycle

5000

Trwatos¢ [kc*N]

5

Para tozyskowa

-Friction coefficient uder load 1N, rotation 150rot/min; test 20000
cycle

6

Tribology
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eLaser HeNe 633nm 5mW

eLaser HeNe 543nm 1mW

eLaser argon 458/488/514nm, 25mW
eLaser- diode V 405nm



Basic Concepts

Confocal microscopy offers several advantages over conventional optical
microscopy. including shallow depth of field, elimination of out-of-focus
glare. and the ability to collect serial optical sections from thick ) References
specimens. In the biomedical sciences, a major application of confocal

microscopy involves imaging either fixed or living cells and tissues that have usually been
labeled with one or more fluorescent probes.
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History

CONFOCAL LASER SCANNING MICROSCOPY

e

Confocal microscopy

CONCEPT confocal microscopy
Marvin Minsky year 1950, postdoc-
Harvard University

patented in 1961

Multi-beam confocal microscopy
David Egger and Mojmir Petran-late
1960s

FIRST INSTRUMENT working
Fred Brakenhoff-1979

FIRST COMMERCIAL MICROSCOPES
1987



Looking into the cell

e

Microbiospektromulti fluorometer
Mikrobiospektromultifluorymetr




Assumptions of confocal microscopy

Comparison of confocal microscopy and widefield
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Widefield Versus Point Scanning of Specimens
Cover

Glass
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Widefield Scanning Illumination Point Scanning
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The confocal approach has facilitated much more useful imaging of living specimens,
enabled the automated collection of three-dimensional (z-series) data, and improved the
images obtained of specimens using multiple labeling. Figure 3 presents a comparison of a
conventional epifluorescence image with a confocal image of similar regions of a whole
mount of a butterfly pupal wing epithelium stained with propidium iodide. There is a striking
improvement of resolution of nuclei in the LSCM image due to elimination of out-of-focus
fluorescence flare.

The laser scanning confocal microscope (LSCM) is currently the most widely used confocal
variation for biomedical research applications. Emphasis is placed on the LSCM in this
introduction, since it is the design most likely to be encountered by the novice user. Other
alternative designs of the instruments are favored in specific niches within the field of
biological imaging. Most of the protocols for specimen preparation can be used, with minor
modification, for any of the confocal instrument variants, as well as for other methodologies
for producing optical sections such as deconvolution techniques and multiple-photon
imaging.
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Assumptions of confocal microscopy

e

Layout of CLSM
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Assumptions of confocal microscopy
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When fluorescent specimens are imaged using a conventional widefield optical microscope,
secondary fluorescence emitted by the specimen that appears away from the region of
interest often interferes with the resolution of those features that are in focus. This situation
is especially problematic for specimens having a thickness greater than about 2
micrometers. The confocal imaging approach provides a marginal improvement in both axial
and lateral resolution, but it is the ability of the instrument to exclude from the image the
"out-of focus” flare that occurs in thick fluorescently labeled specimens, which has caused
the recent explosion in popularity of the technique. Most current confocal microscopes are
relatively easy to operate and have become part of the basic instrumentation of many multi-
user imaging facilities. Because the resolution possible in the [aser scanning confocal
microscope (LSCM) is somewhat better than in the conventional widefield opflical
microscope, but still considerably less than that of the transmission electron microscope, i
has in some ways bridged the gap between the two more commonly used techniques.
Figure 1 illustrates the principal light pathways in a basic confocal microscope
configuration_

In a conventional widefield microscope, the entire specimen is bathed in light from a
mercury or xenon source, and the image can be viewed directly by eye or projected directly
onto an image capture device or photographic film. In contrast, the method of image
formation in a confocal microscope is fundamentally different. The illumination is achieved
by scanning one or more focused beams of light, usually from a laser, across the specimen
(Figure 2). The images produced by scanning the specimen in this way are called optical
sections. This terminology refers to the noninvasive method by which the instrument
collects images, using focused light rather than physical means to section the specimen.




Evolution of Confocal Microscopy

The invention of the confocal microscope is usually attributed to Marvin Minsky, who
produced a working microscope in 1955. The development of the confocal approach was
largely driven by the desire to image biological events as they occur in living tissue (in
vivo), and Minsky had the goal of imaging neural networks in unstained preparations of
living brains. The principle of confocal imaging advanced by Minsky, and patented in 1957,
is employed in all modern confocal microscopes. Figure 1 illustrates the confocal principle,
as applied in epifluorescence microscopy. which has become the basic configuration of
most modern confocal systems used for fluorescence imaging. Minsky's original
configuration used a pinhole placed in front of a zirconium arc source as the point source of
light.

Figure 3
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Assumptions of confocal microscopy

e

Cataloging of fluorochromes
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Assumptions of confocal microscopy

e

Basic characteristics of the fluorochromes

Excitation Spectra Emission Spectra

Normalized Absorption
Normalized Fluorescence

400
Wavelength (Nanometers)

Wavelength (Nanometers)

*488 nm blue-green argon laser
*543 nm helium-neon green laser 405nm UV
*633 nm helium-neon red laser.



Imaging of living cells

Fluorescent dyes

I Il
esmall molecule especific

efluorescent proteins enonspecific

1
ePenetrating the integral cell membrane
Do not penetrate the integral cell membrane



Imaging of living cells

Examples of specific fluorescent dyes

1. Dyes binding to nucleic acids
TOTO, YOYO, DRAQS5, bromek etydyny, DAPI, Hoechst

2. Lipophilic dyes, coloring lipid membranes
DiO, Dil

3. Dyes accumulated in the mitochondria, thanks the
potential to mitochondrialnemurodamina 123, TMRE, JC-1

4. PH indicator dyes
BCECF

5. Dyes indicating the concentration ratios of Ca + +
Fura-2, Indol, Fluo-4



Imaging of living cells

The advantages of confocal microscopy

The possibility of receiving the optical sections (0.5-1.5 mm)
through the sample fluorescence of up to 50 mm
The information received in the form of the image comes from
a well defined plane
Reducing background fluorescence
Non-invasive tomographic imaging technique that allows the
analysis of living cells and established



Differential Photobleaching in Multiply-Stained Tissues Photobleaching Rates in Multiply Stained Specimens
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CLSM- aktywacja komorkowa

CONFOCAL LASER SCANNING MICROSCOPY
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Raman spectroscopy

From Wikipedia, the free encyclopedia

Raman spectroscopy (/'rarman/; named

after Sir C. V. Raman) is {0/ primary stress follows |
technigue used to observe vibrational,

rotational, and other low-frequency modes in a
system_“] It relies on inelastic scattering, or
Raman scattering, of monochromatic light,
usually from a laser in the visible, near
infrared, or near ultraviolet range. The laser
light interacts with molecular vibrations,
phonons or other excitations in the system,
resulting in the energy of the laser photons
being shifted up or down. The shift in energy
gives information about the vibrational modes
In the system. Infrared spectroscopy yields
similar, but complementary, information.

energy

states A

Vibrational
energy states

Virtual A

4
; 3
J y >
t i
0
Infrared Rayleigh Stokes  Anti-Stokes

absorption scattering Raman Raman
scattering scattering

Energy-level diagram showing the states involved &
In Raman signal. The line thickness is roughly
proportional to the signal strength from the different
transitions.




Typically, a sample is llluminated with a laser
beam. Light from the illuminated spot is collected with a lens and sent through a monochromator.

Wavelengths close to the laser line due to elastic Rayleigh scattering are filtered out while the rest
of the collected light is dispersed onto a detector.

Spontaneous Raman scattering is typically very weak, and as a result the main difficulty of Raman
spectroscopy is separating the weak inelastically scattered light from the intense Rayleigh scattered
laser light. Historically, Raman spectrometers used holographic gratings and multiple dispersion
stages to achieve a high degree of laser rejection. In the past, photomultipliers were the detectors of
choice for dispersive Raman setups, which resulted in long acquisition times. However, modern
instrumentation almost universally employs notch or edge filters for laser rejection and
spectrographs (either axial transmissive (AT), Czerny-Turner (CT) monochromator, or FT (Fourier
transform spectroscopy based), and CCD detectors.

There are a number of advanced types of Raman spectroscopy, including surface-enhanced

Raman, resonance Raman, tip-enhanced Raman, polarised Raman, stimulated Raman (analogous
to stimulated emission), transmission Raman, spatially offset Raman, and hyper Raman.




ATOMIC FORCE MICROSCOPY

Description of Technigue ~ Analytical Information ~ Typical Applications ~ Sample Reguirements

DESCRIPTION OF TECHNIQUE

Atomic Force Microscopy (AFM) is a3 form of scanning probe microscopy (SPM) where
a small probe is scanned across the sample to obtain information about the sample’s ot Gacieation Ampituds ERER
surface. The information gathered from the probe’s interaction with the surface can Ky
be as simple as physical topography or as diverse as measurements of the material’s
physical, magnetic, or chemical properties. These data are collected as the probe is
scanned in a raster pattern across the sample fo form a2 map of the measured
property relative to the X-Y position. Thus, the AFM microscopic image shows the T
variation in the measured property, e.g,. height or magnetic domains, over the area
imaged.

mvr
The AFM probe has a very sharp tip, often less than 100A diameter, at the end of a

small cantilever beam. The probe is attached to a piezoelectric scanner tube, which 4‘1‘
scans the probe across a selected area of the sample surface. Interatomic forces w
between the probe tip and the sample surface cause the cantilever to deflect as

the sample’s surface topography (or other properties) changes. A laser light

reflected from the back of the cantilever measures the deflection of the cantilever. Sketch of AFM Instrument
This information is fed back to a computer, which generates a map of topography Configuration
and/or other properties of interest. Areas as large as about 100 pm square to less

than 100 nm square can be imaged.




Atomic force microscopy (AFM) is a technique for analyzing the surface of a rigid material all
the way down to the level of the atom . AFM uses a mechanical probe to magnify surface
features up to 100,000,000 times, and it produces 3-D images of the surface.

The technique is derived from a related technology, called scanning tunneling microscopy
(STM). The difference is that AFM does not require the sample to conduct electricity, whereas
STM does. AFM also works in regular room temperatures, while STM requires special
temperature and other conditions.

AFM is being used to understand materials problems in many areas, including data storage,
telecommunications, biomedicine, chemistry, and aerospace. In data storage, it is helping
researchers to "'force a disk to have a higher capacity. Today's magnetic storage devices

typically have a capacity limit of between 20 and 50 gigabits (billions of bits) per square inch of
storage medium. Researchers are looking into AFM to help raise read and write densities to
between 40 gigabits and 300 gigabits per square inch. No one has yet commercialized AFM
technology for this purpose, but IBM and others are actively pursuing it.



Atomic interaction
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ANALYTICAL INFORMATION

Contact Mode AFM - The AFM probe is scanned at a constant force between
the probe and the sample surface to obtzin 3 3D topographical map. When the
probe cantilever is deflected by topographical changes, the scanner adjusts the
probe position to restore the original cantilever deflection. The scanner position
information is used to create a topographical image. Lateral resolution of <1 nm
and height resolution of <1 A can be obtained.

Intermittent Contact (Tapping Mode) AFM - In this mode, the probe
cantilever is oscillzted at or near its resonant frequency. The oscillating probe
tip is then scanned at 3 height where it barely touches or "taps” the sample
surface. The system monitors the probe position and vibrational amplitude to
obtain topoaraphical and other property information. Accurate topographical
information can be obtained even for very fragile surfaces. Optimum resolution
is 3bout 50 A lteral and <1 A height. Images for phase detection mode,
magnetic domains, and local electric fields are also obtained in this mode.

Lateral Force Microscopy - This mode measures the fateral deflection of the
probe cantilever as the tip is scanned across the sample in contact mode.
Changes in lateral deflection represent relative frictional forces between the
probe tip and the sample surface.

Phase Detection Microscopy - With the system operating in Tapping mode,
the cantilever osdillation is damped by interaction with the sample surface. The
phase ag between the drive signal and actual cantilever oscillation is monitored.
Changes in the phase lag indicate variations in the surface properties, such as
viscoelasticity or mechanical properties. A phase image, typically collected
simultaneously with 3 topographical image, maps the local changes in material’s
physical or mechanical properties.

Magnetic Force Microscopy - This mode images local variations in the
magnetic forces at the sample’s surface. The probe tip is coated with 3 thin
film of ferromagnetic material that will react to the magnetic domgins on the

Surface Profile of Crystalline Material

‘.

AFM Image of Defect on Coated Glass

netic forces between the tip and the sample are measured by monitoring cantilever deflection




while the probe is scanned 3t a constant height above the surface. A map of the forces shows the sample’s natural or
applied magnetic domain structure.

Image Analysis - Since the images are collected in digital
format, a wide variety of image manipulations are available
for AFM data. Quantitative topographical information, such
as lateral spacing, step height, and surface roughness are
readily obtained. Images can be presented as two-
dimensional or three-dimensional representations in hard
copy or as digital image files for electronic transfer and
publication.

Nanoindentation - A speciglized probe tip s forced into

the sample surface to obtain a measure of the material’s o 2 A an

mechanical properties in regions as small as a few N cicioc

nanometers. (See the Handbook section on ,

Nanoindentation Hardness Testing.) Height and Phase Mode Image of a Polymer Sample
TYPICAL APPLICATIONS

« 3-dimensional topoaraphy of IC device
mo gmom | o Roughness measurements for chemical mechanical polishing
 Analysis of microscopic phase distribution in polymers
m.on | © Mechanical and physical property measurements for thin films
« Imaging magnetic domains on digital storage media
e » Imaging of submicron phases in metals
 Defect imaging in IC failure analysis
« Microscopic imaging of fragile biological samples
» Metrology for compact disk stampers

0 10.0 2.0
-~

Top View AFM Image of Steel
Microstructure
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Antythrombogenic function

Porous coatings

Substrate with ceramic/metallic coatings

Sara Morgenthaler, Christian Zink, Brigitte Stadler, Janos V6rés, Seunghwan Lee, Nicholas D. Spencer,a and Samuele G. P. Tosatti;
Poly L-lysine-grafted-poly,ethylene glycol-based surface-chemical gradients. Preparation, characterization, and first applications;
Biointerphases 1,4, American Vacuum Society December 2006



Grow stimulation
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Essence of stress

Classification of residual
stress

Influence of residual stress
on the physical properties
of the material

Measurement methods
-optical

-X-rays

-neutron

-removing layers
-Raman spectroscopy
-ultrasound

-magnetic



Residual stress Is the stress in the material
remaining In the absence of external loads
(forces applied, temperature gradients, etc.).

hey are the natural result of technological
processes.







Residual stress
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_ O Micro-stress
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Residual stress
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Method sin%y

e(P,p) = Ad(P,p)/d

Hook's low:

e(P,y) = (1+v/E) o(®,y) — (V/E) (0,+ 05+ 03)
Stress o(®P,p) may be the result of o(®P) and o,
o(P,p) = o(P) sin?y + 0, cos?y

05 Is relaxed

Deformation:

Instytut Metalurgii i Inzynierii Materiatowej Polskiej Akademii Nauk im. A.Krupkowskiego w Krakowie



Metoda sin%y

e(P,p) = Ad(P,p)/d

Prawo Hooka:

e(P,y) = (1+v/E) o(®,y) — (V/E) (0,+ 05+ 03)
Naprezenie o(d,p) moze by¢ wypadkowg o(®P) oraz o,
o(P,p) = o(P) sin?y + 0, cos?y

05 ulega relaksacji

Odksztatcenie:

Instytut Metalurgii i Inzynierii Materiatowej Polskiej Akademii Nauk im. A.Krupkowskiego w Krakowie



Method sin%y

Principle sin? y: stress component o(®)

can be determined from the slope of the linear
dependence: :
e(P,y) versus sin? g :

A

e(®,y)
tga=(1+v/E)o (D)

de(@y)  1+y
dsinfy  E

\a

y

»

sin2y

€(®,) = 1/2850¢SIN? Y + S1(01,+0,)
1/2S, =1+v/[E S, =-V/IE

Instytut Metalurgii i Inzynierii Materiatowej Polskiej Akademii Nauk im. A.Krupkowskiego w Krakowie



Influence of residual stress on the physical properties
of the material

« mechanical properties
e corrosion properties
e magnetic properties



Wplyw naprezen wlasnych na wtasciwosci fizyczne
materiatu

* Wiasciwosci wytrzymatosciowe
* Wiasciwosci korozyjne

« Wiasciwosci magnetyczne
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Closeup of the PRISM Residual Stress
Measurement drill setup

Hologram Obtained from
Residual Stress Measurement
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Ircident Beam

Incident Slit




Removing layers
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Raman spectroscopy

Analysis of the spectrum of the scattered laser
radiation

Raman line shift is directly proportional to the
variation of hydrostatic stress

Surface analysis

Analysis of the volume only for transparent
materials



Ultrasounds

« Measuring the speed of propagation of ultrasonic
waves in the material

e Poor resolution of methods




Magnetism

* Influence of residual stresses on the clustering of
magnetic domains

* The test response of magnetic material (only
ferromagnetics)




d. diagnosis of micro-mechanical properties

Device parameters:

Types of indenters: Vickers-angle pyramid 136deg
Berkovich pyramid-angle 65deg

Setting range of indenter loading force: 0.02-30 [N]
Penetration depth measurement accuracy: 0.3nm



Brinell ball - 10, 5, 2.5 mm HB load F

R0OC
R0OC
R0OC

kwell A - 1200 HRA cone load 60kG
kwell C - 1200 HRC cone load 150kG

kwell B - ball 1/16 inch HRB load 100kG

1360 HV Vickers pyramid load F

(Knoop - 1200 fingerprint rhomb, diamond
pyramid)



Methods for determining the micromechanical
properties, thin films
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Parameters measured and recorded as a function of the road scratching:
Normal force FN aggravating indenter
FT resistance force during the motion put of indenter

The surface profile of the sample P
Indenter penetration depth while working movement Pd
Depth cracks after unloading (ie the size of the return spring) Rd

Acoustic emission AE
IN

acoustic detector

—

Fr

layer

<

sample movement substrate
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22. Hard and superhard coatings based on
nitrides, carbides, borides and nanocomposites

Properties of thin films such as:

coating hardness, strength, corrosion resistance, heat
resistance (creep resistance, heat resistance) depends on:



Requirements for hard coatings:

Optimum surface quality, tribological properties, the
consumption of coolant and lubricant

The high surface hardness, good wear resistance

Maximum resistance to shock loads, the connection hardness
of fatigue strength

Excellent resistance to oxidation / corrosion in the conditions
of adry / humid

Requirements of the composition-structure-properties meet
the best:

carbides / nitrides based on titanium and tungsten




Characterization and properties of hard coatings:

Thickness

optimalt=R x H/E,

where 1 /E,=1/E1 + 1/E2, H - hardness of the coating;

E1l and E2 - Young's modulus of the coating and the substrate
For cutting tools for metal surfaces t = approximately 5 mm
For tribological coatings t = about 1-3 microns

Chemical composition

Materials with high Young's modulus, high energy bonds,
nitrides and carbides of transition metals / sp orbital
hybridization and p /

Resistance to oxidation and corrosion, stability of oxide
layers




Regular structure is more rigid than amorphous materials; tendency to
form regular structures (cubic) decreases with increasing ordinal group
metal in the periodic table. Metastable structure have a high density of
defects, leading to the presence of large residual stresses in the
coatings.

Motility adatomow influences the morphology, motility, promotes the
formation of a small column structure, morphology is controlled by the
deposition rate, temperature, pressure, and tension of the substrate
(Thornton model)

The mechanical properties as a function of grain size describes the
dependence of the Hall-Petch
Film hardness H = HO + k/D1/2

where HO-intrinsic hardness / high grain / k-constant materials, grain size
D

Applicability of Hall-Petch law is limited to single or multilayer coatings
with modulation of more than 10 nm bilayer



Roughness affects the tribological properties, high roughness
and polishing can significantly reduce the adhesion
between the coating and the substrate

Hard coatings applied to the soft substrate can have a high
level of compressive stress / up to 10 GPa /.

Residual stress of 3 GPa in some applications is desirable

Def. ASTM adhesion 1s a condition where the surfaces are
joined with interphase forces .

Aadhesion can be measured by the force or energy



Hardness is the resistance to plastic deformation of the
material caused by indenter

Hardness can be increased by: creating solid solutions,
deposition of the second phase, nono-crystallization or
multilayer deposition of nanometric dimensions

Depends on the morphology, columnar structure generally
reduces the hardness for the compact causing anisotropy

Less dependent on the characteristics of the coating and
strongly on the chemical composition and therefore
nitrides and carbides with strong and short bonds and high
degree of binding covalency have large modules kowale

Plasticitz coefficient &, = 1-14,3(1-9-9?)H/E



« Nitride and titanium carbide
« Nitride and tungsten carbide

e Titanium aluminum nitride
« Titanium-tungsten nitride

New materials with high hardness / toughness and stress their
beneficial and good adhesion;

Hardness in the low low modulation A recognized Hall-Petch
relationship

H=H,+kA®P
3-constant with a value of 0.5-1



Thermal barrier coatings are used in gas turbines or diesel engines

Usually consist of two layers; binding (metal), and insulation (ceramic -
outside)

Binding:
a) (platinum-) intermetal based on aluminium
b) MCrAlY M = Ni or Co



 plasma polymerization

- plasma interaction, surface modification (introduction of
functional groups containing nitrogen-oxygen-fluorine
polymer chains)

« plasma co-polymerization

IS the Interaction of plasma with
monomer molecules that are activated to initiate the
polymerization reaction, the substrate surface covered with
a thin polymer film



24. Powloki polimerowe uzyskiwane poprzez
polimeryzacje¢ plazmow3g

Reakcje chemiczne wywolywane plazma:
- Polimeryzacja plazmowa
- Oddziatywanie plazmy; modyfikacja powierzchni

(wprowadzanie grup funkcjonalnych zawierajacych tlen- azot- fluor do
tancuchow polimerowych)

- Ko-polimeryzacja plazmowa

Polimeryzacja plazmowa polega na oddziatywaniu plazmy z
molekutami monomerow, ktore sg aktywowane do zainicjowania
reakcji polimeryzacji; powierzchnia podtoza pokrywa sie cienkim
filmem polimerowym



Is different from the conventional
It includes two processes:
« molecules growth
« polymer fabrication

 Radical polymerization / propagation reaction of the monomers to the
polymerization step is initiated by the particles in the free-radical
polymer chain/

 lonic polymerization / promote chemical reactions by ionic particles /

The atomic composition of the polymers after plasma polymerization are
presented in Table



Polimeryzacja plazmowa rézni si¢ od konwencjonalne;j
Zawiera dwa procesy:

- wzrost molekut

- wytwarzanie polimeru

W znaczeniu chemicznym

- Poli meryzacja rodnikowa / propagacja reakcji monomerow na etap
polimeryzacji inicjowana jest przez czastki rodnikowe w tancuchach
polimerowych/

- Poli meryzacja jOﬂOW& /reakcje chemiczne propaguja si¢ przez czastki
jonowe/

Propagujqce sie czgstki w polimeryzacji plazmowej nie sq
plazmg, plazma jest zrodtem energii do zainicjowania
polimeryzacji

Sktad atomowy polimeréw po polimeryzacji plazmowej przedstawia Tablica



Monomer used

Atomic composition

Atomic composition

for plasma polimeryzation of monomer of plasma polymer
Etylen C,H, C,H56004
Etylen/N, C,H, /N, C,H560,.4
Acetylen C,H, C,H160,3
Acetylen/N, C,H,/N, C,H;5Ng5Og 5
Acetylen/H,0 C,H,/H,0 C,H570456
Acetylen/N,/H,0 C,H,/N,/H,0 C,H;9Ng5 Op7
Allen (propadien) C,H, C3H370,.4
Allen/N, C3H,/N, C3H35Ng7 Og 5
Allen/H,0 C;H,/H,0 C3Hy 2006
Allen/N,/H,0 C;H,/N,/H,O C3Hz4.4No4s Og
Akrylonitryl C,H;N C;H;NO, 4
Propionitryl C;HsN C,H,7NO,
Propylamin C;HgN C5HsNO, 4
Allylamin CsHgN CsH, 7 NO, 4
Tlenek etylenu C,H,0 C,H;40,.4




can not be interpreted based on the concept of
repeating monomer units

/ significant difference in the atomic composition between the plasma
polymer and monomer used,;

molecules present in the plasma used for plasma polymerization, /even
nitrogen and water vapor/ are components of a plasma polymer

IS the concept of plasma polymerization
by. Yasuda

When the monomer molecules are injected into the plasma, they are
bombarded with the active particles, such as electrons and ions
remaining in the plasma, are crushed into small pieces that will
gradually build more recombinant molecules.

Creation and recombination of radicals in the plasma is repeated, leading
to the plasma polymer on the surface of the substrate



Polimery plazmowe nie mogg by¢ interpretowane w oparciu o koncepcje
powtarzania jednostki monomeru zastosowanego do polimeryzacji
plazmowej

/znaczna r6znica w sktadzie atomowym pomi¢dzy polimerem plazmowym 1
zastosowanym monomerem,;

molekuly wystepujace w strefie plazmy zastosowanej do polimeryzacji

plazmowej, nawet azot 1 para wodna, stajg si¢ sktadnikami polimeru
plazmowego

Reakcja polimeryzacji plazmowej nie jest reakcja tancuchowa molekut
monomeru

,,polimeryzacja atomowa” jest koncepcja reakcji polimeryzacji plazmowej
wg. Yasuda

Gdy molekuty monomeru zostang wstrzyknigte do plazmy, zostang bombardowane przez
aktywne czastki takie jak: elektrony i jony pozostajace w plazmie, zostaja rozdrobnione
w male fragmenty, ktore stopniowo ulegng rekombinacji buduja wigksze molekuty.
Tworzenie rodnikow 1 rekombinacja jest powtarzana w plazmie prowadzac do osadzenia
polimeru plazmowego na powierzchni podtoza



H Activation . 4
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Figure 20.1: Overall plasma polymerization mechanism.




Modern technologies of synthesis of
ceramic layers, metal-ceramic, polymer

Nanomaterials for bio-engineering,
biomaterials for implantation and
regenerative medicine

Biodegradable and recyclable materials

Materials and surface engineering processes
for the automotive and aerospace



Materials from renewable energy sources and
nano-exchanger

Technologies and materials for fuel cells

Materials and technologies for medical
Instruments

Improving the life cycle of engineering materials,
regeneration technology of vehicles and
functional products

Organic and ceramic materials for electronics,
optoelectronics and photonics

Crystalline materials with oriented structure and
monocrystals



Porous materials
Materials and layers of low friction
Composite functional layers and gradient layers

Materials and technologies for micro-and nano-
bio- Intelligent robots

New generation of contact materials, surface
drainage and diffuse heat flux

Implants addressed (personal)

Materials with a high strength to density ratio and
polymers with nano-additions

New generation of optical fibers and nano-
multiferroitic materials



Materials for digital electronics and data
transmission

Materials for ballistic resistance

Advanced and intelligent textiles (geofibers,
geotextiles) and textronic systems and equipment
for the integration with textiles and clothing

Constructional materials with modified surface
layers and layered materials comprizing polymers

Materials and technologies for the production and
storage of hydrogen



