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Science-led or design-led ?

Two approaches to materials teaching

Science-led

The traditional approach to Materials teaching starts with 
fundamentals: the electrons, the atoms, atomic bonding, 
and packing, crystallography and crystal defects

Onto this is built alloy theory, the kinetics of phase 
transformations and development of microstructure on 
scales made visible by electron and optical microscopes.

The scince-led approach emphasises the physical basis but 
gives little emphasis to the behavior of structures and 
components in service or methods for materiala selection 
and design



Design-led

The starting point is the requirements that materials must 

meet it they are performed properly in a given design.

To match material to design requires a perspective on the 

range of properties they offer, how these properties 

combine to limit performence, the influenceof 

manufacturing processes on properties and ways of 

accessing the data needed to evaluate all of these.



The lecture includes an introduction to materials 
science and engineeringfocused on science-led
approach however it gives little emphasis  to 
design-led. 

Guiding learning on materials and their structure and 
properties, crystallography, phase diagrams and 
phase transformations, processing, diagnostics and 
application. Some information are given on 
fundamentals  and understanding, control of 
properties at a different scale as well as materials 
selection and design. The lecture is divided into 
parts comprising: a basing knowledge, possible 
application and diagnostics together with examples 
of some experimental results. The lecture is 
dedicated to students motivating their 
understanding of the nature of modern material 
design and developing skills.



Program of lecture
1. Engineering materials 

2. Atomic bonding and crystallography 

3. Mechanical properties 

4. Crystal defects of crystalline structure 

5. Phase diagrams 

6. Structure changes

7. Metals and alloys

8. Ceramic materials and glasses

9. Polymers

10. Composites



11. Intermetallics

12. Amorphous and nanocrystalline   

materials 

13. Porous materials

14. Smart materials

15. Biomaterials

16. Processing of metals, ceramics, polymers, 

composites

17. Surface engineering 

18. Nanomaterials and nanotechnologies

19. Basis for materials design









properties

éUltrsounds 
(defectoscopy, acoustic emission)

Diagnostic of
microstructure 

éMechanical tests 
(strength, hardness, scharpness)

éCalorymetry

éChemical/biological tests
(corrosion proof, biocompatibility)

Electron beam

g-ray

Hard X-ray

Ultra-violet

Visible light

Infra-red
Thermal rad.

Microwave

Mobile telephone
Radio-TV frequency

10 pm

100 pm

1 nm

10 nm

100 nm

1 mm

10 mm

10 mm

100 mm

1 m

100 mm

1 mm

Soft X-ray

Microstructure inhomogeneity
édistinguishing feature of FGM



microstructure

inhomogeneity
manifests in various aspects

Åhardness, 

Åreflectivity

Åwear resistance 

Åcorrosion proof 

Ådecorativity 

Åééééé

segregation (chemical/phase)

morphology (shape/size of grains)

texture (crystallographic orientations)

controlled inhomogeneity 
leads to multi -functionality

reflects in heterogenous 

distribution of properties

Photograph of laminated macrostructure on a cross-section of hot rolled sheet (9 mm thick) of 1050A aluminium alloy etched in 

Tucker reagent.

[courtesy of M. Opyrchağ& J. ŧelechowski, Institute of Non-Ferrous Metals in Gliwice, Light Metals Division in Skawina, Poland]

active fields (residual stresses, 

electrostatic,

magneticé)

Acoustic microscopy (macro/mezo-scale)

X-ray diffraction (mezo/micro-scale)

Electron microscopy (micro/nano-scale)



1. Engineering materials 
metals and theirs alloys, ceramic materials, 

polymers, composites 

Metals ïmetallic bonds , among 103 elements - 80 are metals

Metallic alloys: iron alloys, non-ferous alloys 

Properties: high stiffness, yield strenght, ductility, fracture toughness, 

electric and thermal conductivity, metallic glitter, poor chemical 

resistance (corrosion)



Chemical periodical system; 

metals are marked in green colour

Lanthanides

Actynides 



Bonds between atoms in 
basic engineering materials

Basic engineering 

materials

metals
Ceramics and glass

semiconductors polymers

METALLIC SECONDARY

IONIC

COVALENT
COMPOSITE

METALS POLYMERS

CERAMICS

graphite
semiconductors

superconductors

metallic glasses



Ceramic materials- ionic or covalence bonds are usually formed 

in high temperature processes; can regarded as result of attaining 

by the atoms a completely filled outer electron shell

Mainly oxides or compounds with: C,N,P i S

Properties: poor thermal and electric conductivity, poor ductility, 

good corrosion restanace , good thermal resistance

Engineer ceramics: porous ceramics, glasses, glass ceramics

Periodical system: main elements forming ceramic materials are 

marked in red colour



Polymersïorganic materials formed by C, H, O or N and other 
non-metallic elements: def. molecule made up of smaller molecules 
that are joined together by chemical bonds ; 

chainlike molecules (even hundreds of units) 

Properties- good corrosion resistance, low thermal and electric 
coductivity, low density, some are thermoplastic

Periodical system; elements formed 

polymers are marked in violet colour Scheme of polyethylene chain

Atoms H and C  mer   basic monomer unit



2. Atomic bonds and crystallography 

Atomic bonds: 

ionic, covalent, metallic, secondary (van der Waals bonds)

Å 7  crystallographic systems

Å 14 types of lattice (Bravais, types)

Seven crystallographic 

systems

Cubic

Tetragonal

Orthorombic

Trigonal

(rhomboedral)

Hexagonal

Monoclinic

Triclinic



Fourteen Bravais, lattice unit cells 



Å A quasiperiodiccrystal, or, in short, quasicrystal, is a structurethat is 
orderedbut not periodic. A quasicrystalline pattern can continuously fill all 
available space, but it lacks translational symmetry. While crystals, according 
to the classical crystallographic restriction theorem, can possess only two, 
three, four, and six-fold rotational symmetries, the Bragg diffractionpattern of 
quasicrystals shows sharp peaks with other symmetry orders, for instance five-
fold.

Å Aperiodic tilingswere discovered by mathematicians in the early 1960s, and, 
some twenty years later, they were found to apply to the study of quasicrystals. 
The discovery of these aperiodic forms in nature has produced a paradigm 
shift in the fields of crystallography. Quasicrystals had been investigated and 
observed earlier,2 but, until the 1980s, they were disregarded in favor of the 
prevailing views about the atomic structure of matter.

Å Roughly, an ordering is non-periodic if it lacks translational symmetry, which 
means that a shifted copy will never match exactly with its original. The more 
precise mathematical definition is that there is never translational symmetry in 
more than nï1 linearly independentdirections, where n is the dimension of 
the space filled; i.e. the three-dimensional tiling displayed in a quasicrystal 
may have translational symmetry in two dimensions. The ability to diffract 
comes from the existence of an indefinitely large number of elements with a 
regular spacing, a property loosely described as long-range order. 
Experimentally, the aperiodicity is revealed in the unusual symmetry of the 
diffraction pattern, that is, symmetry of orders other than two, three, four, or 
six. The first officially reported case of what came to be known as 
quasicrystals was made by Dan Shechtmanand coworkers in 1984.3
Shechtman received the Nobel Prize in Chemistryin 2011 for his findings.4

http://en.wikipedia.org/wiki/Quasiperiodic
http://en.wikipedia.org/wiki/Structure
http://en.wikipedia.org/wiki/Order_and_disorder_(physics)
http://en.wikipedia.org/wiki/Bravais_lattice
http://en.wikipedia.org/wiki/Translational_symmetry
http://en.wikipedia.org/wiki/Crystals
http://en.wikipedia.org/wiki/Crystallographic_restriction_theorem
http://en.wikipedia.org/wiki/Rotational_symmetries
http://en.wikipedia.org/wiki/Bragg_diffraction
http://en.wikipedia.org/wiki/Aperiodic_tilings
http://en.wikipedia.org/wiki/Paradigm_shift
http://en.wikipedia.org/wiki/Crystallography
http://en.wikipedia.org/wiki/Translational_symmetry
http://en.wikipedia.org/wiki/Linear_independence
http://en.wikipedia.org/wiki/Long-range_order
http://en.wikipedia.org/wiki/Dan_Shechtman
http://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry


Quasicrystal 

Atomic model of an aluminum-palladium-manganese 

(Al -Pd-Mn) quasicrystal surface.

Electron diffraction pattern of

an icosahedral Ho-Mg-Zn quasicrystal

http://en.wikipedia.org/wiki/Electron_crystallography


ÅSince the original discovery of Dan Shechtman, hundreds 
of quasicrystals have been reported and confirmed. 
Undoubtedly, the quasicrystals are no longer a unique form 
of solid; they exist universally in many metallic alloys and 
some polymers. Quasicrystals are found most often in 
aluminium alloys (Al-Li -Cu, Al-Mn-Si, Al-Ni-Co, Al-Pd-
Mn, Al-Cu-Fe, Al-Cu-V, etc.), but numerous other 
compositions are also known (Cd-Yb, Ti-Zr-Ni, Zn-Mg-
Ho, Zn-Mg-Sc, In-Ag-Yb, Pd-U-Si, etc.).31

ÅIn theory, there are two types of quasicrystals.29The first 
type, polygonal (dihedral) quasicrystals, have an axis of 
eight, ten, or 12-fold local symmetry (octagonal, 
decagonal, or dodecagonal quasicrystals, respectively). 
They are periodic along this axis and quasiperiodic in 
planes normal to it. The second type, icosahedral 
quasicrystals, are aperiodic in all directions.

ÅRegarding thermal stability, three types of quasicrystals are 
distinguished:32

http://en.wikipedia.org/wiki/Dan_Shechtman


ÅRegarding thermal stability, three types of quasicrystals are 
distinguished:

Å Stable quasicrystals grown by slow cooling or casting with subsequent annealing

Å Metastable quasicrystals prepared by melt spinning

Å Metastable quasicrystals prepared by crystalization of the amorphous phase

ÅExcept for the AlïLiïCu system, all the stable 
quasicrystals are almost free of defects and disorder, as 
evidenced by x-rayand electron diffractionrevealing peak 
widths as sharp as those of perfect crystals such as Si. 
Diffraction patterns exhibit fivefold, threefold, and twofold 
symmetries, and reflections are arranged quasiperiodically 
in three dimensions.

ÅThe origin of the stabilization mechanism is different for 
the stable and metastable quasicrystals. Nevertheless, there 
is a common feature observed in most quasicrystal-
forming liquid alloys or their undercooled liquids: a local 
icosahedral order. The icosahedral order is in equilibrium 
in the liquid statefor the stable quasicrystals, whereas the 
icosahedral order prevails in the undercooled liquid state
for the metastable quasicrystals.

http://en.wikipedia.org/wiki/X-ray_diffraction
http://en.wikipedia.org/wiki/Electron_diffraction


Lattice directions
Determination: direction [uvw]; family of directions <uvw >

Determination of lattice directions: indexes of point laying on the straight line 
which goes over the beginning of the coordinate system; whole number, 
integer

All directions belonging to <111> family 

direction of cubic system



Lattice planes

Determination : family of lattice {hkl}; lattice (hkl)

Indexing: establish length of sections cut 

on coordinate axis, give their inverse and 

reduce to whole number

Examples of lattice planes indexing

Lattice planes belonging to 

{111} lattice family of cubic 

system



Miller -Bravais, indexes in 

hexagonal system

Example of four index 

determination of directions 

and planes: [uv.w] ; (hk.l)    

u+v=-w;  h+k=-i

in hexagonal system



Determination of crystallic structures 

Pearson symbolism  (two letters and number e.g. cF4; hP2)

First small letter - crystallographic system 

Second capitalletter ïBravais, lattice unit cells 

c ubic P primitive

h exagonal I body center 

i trigonal F face center 

t etragonal C center on basis

o rthorombic R rombohedral

m onoclinic

a nortic (triclinic) 

Number ïnumber of atoms in elementar unit



Another determinations in use:
German determination.: 

ĂStrukturberichtò (letter and number)

A ïelements

B ïcompounds of AB type

C ïcompounds of AB2 type

Number- type of strukture in  group e.g.:
A1 ïcopper type 

A3 ïmagnesium type 

B1 ïsodium chloride type 

Determination proposed by the  Polish Crystallographic Society
RSC ïregularna Ŝciennie centrowanaang. face center cubic   fcc or FCC

RPC ïregularna przestrzennie ang.body center cubic    bcc or BCC

HZ   -heksagonalna zwarta ang. hexagonal close packed   hcp or HCP



Crystallic structure of metals 
Most of metals have one of three crystallic structures i.e. A1, A2, A3 :

1. Face center cubic (RSC,cF4,A1, fcc)

e.g. Cu, Al, Ni, Fe-ɔ, Ag, Au, Pb  

fill out of volume 74%

2. Body center cubic (RPC, cI2, A2, bcc)

3. e.g...Mo,W,V,Nb,Fe-Ŭ,Cr-Ŭ; fill out of volume 68%

4. Hexagonal close packed (HZ,hP2,A3, hcp)

e.g. Zn,Mg,Cd,Ti-Ŭ,Zr; fill out of volume 74%

Polymorphousïoccurence of chemical element or chemical 

compound  in different crystalline structures

Allotropy ïis related to transformations in pure elements











3. Mechanical properties 

stress, strain, deformation, tensile test, hardness,

impact strength, fatigue strength, creep, 

macroscopic form of description of work hardening curve,

Cylindrical rod subjected axially to tensile (a); scheme of 
uncostrained body presenting a tensile rod (b) 

Force F is balaned by internal resistance force ůS. 

Where: ůis stress, 

S crossïsection area of rod

ů= F/S [N/m2 ; MN/m 2 ] tensile (compression) stress

Surface S



Cylindrical rod subjected to incline load in respect to cross-section

Tangential stress (shear stress) Ű= Fs/S [N/m2 ; MN/m2 ]

Response of material to stress is strain
Nominal linear strain  Ůn = ȹl/l0 

Transverse strain

Ůp = ȹa/a0 change of cross-section

Poisson ratioɜ= - Ůp / Ůn
For large deformations 

Natural strain

l

Ůr = Ú dl/l = ln l/l0 undimensional 

l0



Modulus of elasticity 

is defined byHook,s low:  ů= EŮ

E ïYoung,s modulus or coefficient of  longitudinal elastic

Value of Young,s modulus is a measure of resistance put 
neighbouring atoms during increase of distance between them

Relationship of E in respect to the curve shape

of force vs.distance between atoms

Force F
Strong bonds

Weak bonds 

Distance between atoms, a



Young,s modulusand melting temperature

Metal melting temperature

0C 

Young,s modulus

GPa

Pb

Zn

Mg

Al.

Ag

Au

Cu

Ni

Fe

Cr

Mo

W

327

420

649

660

962

1064

1085

1455

1538

1863

2623

3422

14

43

45

71

76

82

124

214

196

289

324

411



Elastic modulus and melting temperature rise together with force of 
interatomic bonds

Elastic modulus describes stiffness of material

Young,s modulus E is an anisotropic property and  depends on interatomic 
bonds, composition and crystal structure

For small shape deformation (ɔ)   Ű= Gɔ

G ïKirchoff ,s modulus or shear modulus or transversal elastic 
coefficient



Elastic deformation

Stress v.s. strain in linear 
range (Blich.4.7)

Tensile curve for 

policrystalline metals 

(Dobrz. Nowy 4.24)



Static tensile test
(Blich.4.13)

Values described in tensile test

Elastic limit R0.05 = F0.05/S0

Offset yield strength UTS R0.2 = F0.2/S0

Tensile strength TS Rm = Fm/S0

Elongation after fracture A = (lu-l0)/l0 100%

Narrowing in pct Z = (S0-Su)/S0  100%

Ultimate Yield Strength and Tensile Strength are measure of material 
strength 

Elongation and narrowing are measure of ductility



Hardness

ÅHardness is the measure of how resistant solid matter is 
to various kinds of permanent shape change when a 
force is applied. 

Macroscopic hardness is generally characterized by strong intermolecular bonds, 

however the behavior of solid materials under force is complex, therefore there are 

different measurements of hardness: scratch hardness, indentation hardness, and 

rebound hardness.

Hardness is dependent on ductility , elasticity, plasticity, strain, strength, toughness, 

viscoelasticity, and viscosity.

penetrator
load

Surface of the tested materiala

http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Intermolecular_bond
http://en.wikipedia.org/wiki/Ductility
http://en.wikipedia.org/wiki/Elasticity_(physics)
http://en.wikipedia.org/wiki/Plasticity_(physics)
http://en.wikipedia.org/wiki/Strain_(materials_science)
http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Toughness
http://en.wikipedia.org/wiki/Viscoelasticity
http://en.wikipedia.org/wiki/Viscosity


Basic methods of hardness measurement (Blich.Tab4.2)

Brinell

Rockwell

Vickers

Ball

Diamont piramide

Diamont cone 

PenetratorMethod



Shock resistance
ÅThe Charpy testis the test to determine the resistance of a material against shocks.

The test temperature is very important because the resistance does decrease with

decreasing temperature.

The temperature at which the resistance suddenly drops to a lower value, the shifting

Åfrom ductile to brittle fracture, is called the transition temperature.

For the designer, it is important to know where the transition temperature is located.

As a matter of fact, operating below this temperature will increase very much the risk

for fracture.

Test bars, notched in the center 
(Blich.4.19)

a,b)) U-notch, Charpy U

c) V-notch, Charpy V

hammer



Creep
is the tendency of a solid material to slowly move or deform permanently 
under the influence of stresses. It occurs as a result of long term exposure 
to high levels of stress that are below the yield strength of the material. 
Creep is more severe in materials that are subjected to heat for long 
periods, and near melting point. Creep always increases with 
temperature.

Scheme of creep facility (Blich.4.28)

Strain as a function of time due to constant 

stress over an extended period for a 

viscoelastic material (Blich.4.29)

Sample

Furnace

Load

http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Yield_strength
http://en.wikipedia.org/wiki/Heat


Thermo Mechanical Fatigue(TMF)
is a variation of mechanical fatigue of materials where heatingand 

coolingcycles are applied to a test material additional to a 
mechanical cyclic loading. The temperature cycles have - in most 
cases - the same frequency as the loading cycles, but have different 
phase shifts

Scheme of fatique fracture 
(Blich.4.27)

Stress v.s. number of cycles to fracture 

(Wºhler curve) e.g. for steel (a); for non-

ferrous metals (b)(Blich.4.26) 

Fatique strength

Smooth surface
Rought surface

http://en.wikipedia.org/wiki/Fatigue_(material)
http://en.wikipedia.org/wiki/Heating
http://en.wikipedia.org/wiki/Refrigeration


Macroscopic forms of work hardening desription 

of the material at the uniaxial tensile test 

Ludwik ,s formula (1909)

ů=  k űn using parabola description;    k,n - constants

Ludwik -Hollomon,s formula (1945):  ůïů0 = kűn

where: ů0, k, n ïconstants

ůïstress

űïtrue strain  ű=ln(A0/A)

in co-ordinate system log ůïlog ű; the straight linear relationship is 
obtained

Krupkowski ,s equation 1946) :ů= k (z1 + /1-z1/z)m

where: z=1-(A/A 0), z ïcold work

A0, A ïinitial and current value of cross-section , respectively 

K, z1 -constants

When natural strain (logarithmic elongation) Krupkowski ,s equation 
adopts the formula proposed by:

Swift ,s equation (1952)  : ů= K / űïű0 /m



4. Crystal defects of crystalline structure 

solid solution, point defects, linear defects, planar defects

A solid solution is a solid-statesolution of one or more solutesin a solvent. 
Such a mixture is considered a solution rather than a compoundwhen the 
crystal structure of the solvent remains unchanged by addition of the 
solutes, and when the mixture remains in a single homogeneous
phase.This often happens when the two elements (generally metals) 
involved are close together on the periodic table; conversely, a chemical 
compound is generally a result of the non proximity of the two metals 
involved on the periodic table

Basic solid solutionïwhen the solvent is the component of alloy ; it preserves the 
lattice structure of pure solvent; it can be: 

(i) limited solid solution

(ii) continuous solid solution

Secondary solid solutionïwhen the solvent is an  intermetallic compound

http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Phase_(matter)
http://en.wikipedia.org/wiki/Solution
http://en.wikipedia.org/wiki/Solubility
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Mixture
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wiktionary.org/wiki/Homogeneous
http://en.wikipedia.org/wiki/Phase_(matter)
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Periodic_table


Hume-Rothery conditions

Solid solutions, in accordance with the Hume-
Rothery rules, may form if the solute and solvent 
have:

ÅSimilar atomic radii (15% or less difference)

ÅSame crystal structure

ÅSimilar electronegativities

ÅSimilar valency

If these conditions are not fulfilled, the limited solubility is 
possible

Solid solution can be:

Åsubstitutional (lattice expansion or contraction)

Å interstitial solid (lattice expansion)

http://en.wikipedia.org/wiki/Hume-Rothery_rules


Superlattice
is a periodic structure of layers of two (or more) 

materials. Typically, the thickness of one layer is several 
nanometers.

disorder ź order

Superlattice can be described usin formulas: AB, AB3 lub A3B which 
correspond to  quantitative atomic ratio A to B equal:   1:1, 1:3, 3:1 

Examples of  superlattices AB i AB3 (Dobrz. Nowy Tab.3.10)

Superlattice Examples Crystalographic lattice

http://en.wikipedia.org/wiki/Nanometre


(Massalski str. 360 i Tab. 361)



Crystal Defects

ÅPoint defects - vacancies

ÅLinear defects - dislocations

ÅPlanar defects - grain boundaries stacking faults, 

external surfaces

Point defects(Blich.5.7)

vacancy
Virgin atom 

in interstitial position



Linear defects - dislocations
(Blich.5.22)



TEM

a b

2 nm



F= 1N

30 mm

SEM image of the coating surface

after mechanical test 

Wear test

(ball pushed into the 

coating)

H. Jehn, G. Reiners, N. Siegel, in: DIN Deutsches Institut fuÌr

Normung e.V. (Ed.), Charakterisierung duÌnner Schichten, 

DINFachbericht,

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

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


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

TEM image of the cross-section

32 layered Ti/TiN coating

30 mm

SEM image

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


Coating surface

Austenite steel substrate

I. as-deposited mono-layer coating

100 nm

residual-stress caused micro-cracks

TiN coating

TEM image of the cross-section

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


10 nm

Microcracks cutting through

columnar crystallites

Microcrack along grain boundaries

Single layered coating- low loading (0.25N) TiN coating

TEM image of the cross-section

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


2.4 Ȕ

m-crack Ɛ{111}

~71o

HREM image of the crack at the cross-section

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


Single layered coating- high loading (1N)

200 nm

TEM image of the cross-section

Area endangered by corrosion
Substrate has a contact with outside environment



100 nm 100 nm

~450

~450

STEM images of cracks 

propagating across the coating 

under applied load

32 layered Ti/TiN coating ratio 1:1

500 nm

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


TiN

45o

Local plastic deformation 

(slip systems)

/cracking

TEM image of the cross-section

32 layered Ti/TiN coating 

Ti

Ti

[111]TiN II [001] a-Ti

1,-1,0 Ti

1,0,0 Ti

2,-1,0 Ti

Zone [001]

50nm

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


Ratio 1:2 8 x Ti:TiN

200

Ti

TiN

Ti

100 nm

Ti

TiN

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


Ratio 1:4 8 x Ti:TiN

Ti

TiN

Ti

Crack ƍ substrate

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


Planar defects - grain boundaries, stacking faults, 

twins; external surfaces

narrow-angle boundaris; wide-angle boundaries(Blich.5.35)



Schemat wŃskokŃtowej granicy nachylonej, 

skğadajŃcej siň z izolowanych dyslokacji 

Dwuwymiarowy model granicy ziarn 

struktury RPC o dezorientacji 50oC wok·ğ 

kierunku [110]. ślad granicy wyznacza linia 

ABCD. K·ğka zaczernione oznaczajŃ atomy 

tworzŃce Ăsupersieĺò.

(Blich.5.37)

(Blich.5.39)

Scheme of 
an inclinednarrow-angle boundary; 
consisting of isolated dislocations

Two-dimentional model of grain 

boundary of BCC structure with 

500disorientation round [110] direction



5. Phase diagrams

Wykres fazowy dla skğadnik·w o 

nieograniczonej rozpuszczalnoŜci 

wzajemnej w stanie stağym

Wykres z przemianŃ eutektycznŃ i cağkowitym 

brakiem rozpuszczalnoŜci skğadnik·w w stanie 

stağym

(Blich.6.3) (Blich.6.10)

Not limited solubility Eutectic



Wykres fazowy z przemianŃ eutektycznŃ 

dla skğadnik·w tworzŃcych w stanie 

stağym roztwory

Wykres fazowy z przemianŃ 

perytektycznŃ

(Blich.6.14)

(Blich.6.18)

Eutectic with limited solubility Peritectic



Wykres fazowy z przemianŃ 

eutektoidalnŃ

Wykres fazowy z trwağŃ 

fazŃ poŜredniŃ AnBm

(Blich.6.20)

(Blich.6.22)

Eutectoidal transformation

Intermediate phase





Eutectic system

Four eutectic structures:

A-lamellar

B-rod-like

C-globular

D-acicular







6. Structure changes

ÅCrystallization from liquid phase; constitutional 
supercooling

ÅWork hardening, recrystallization, texture

ÅPlastic anisotropy

ÅMartensitic transformation, solution hardening 
(supersaturation, aging)

ÅMechanisms of metal hardening

ÅMethods of single crystal fabrication



Crystallization from liquid 
phase, supercooling Homogeneous

nucleation

Krzywa chğodzenia czystego metalu 

z zaznaczeniem moŨliwego przechğodzenia

Zmiana entalpii swobodnej ukğadu ȹG 

podczas tworzenia kulistego zarodka

(Blich.7.3)
(Blich.7.7)

Cooling curve of pure metal 

with the marked possible supercooling

Free enthalpy changes

during formation of spherical nucleous 

Surface energy

Volume energy

Supercooling

(thermal)
Heat emission 

during transformation

Crystallization

temperature

Radius of nucleus



Non-homogeneous nucleation

Equilibrium and non -equilibrium crystallization

Zarodkowanie niejednorodne 

na pğaskim podğoŨu

(Blich.7.9)

(Blich.7.12)

Non-homogeneous nucleation

on  flat substrate



Constitutional supercooling

Zmiana: a) skğadu roztworu ciekğego, b) temperatury cieczy i krzepniňcia przy 

zmianie odlegğoŜci od frontu krystalizacji

(Blich.7.16)

Change of: 

a) solution content of liquid, 

b) temperature of liquid and solidification temperature

in respect to the distance from the solidification front

Constitutional supercooling



Å work hardening, recrystallization, texture

Elastic modulus:

Hooke,s low    ů= E  x  Ů

E ïYoung,s modulus; In solid mechanics, Young's modulus, also known 
as the tensile modulus, is a measure of the stiffnessof an isotropic
elastic material. It is defined as the ratio of the uniaxial stressover the 
uniaxial strainin the range of stress in which Hooke's Lawholds 

It is a measure of resistance of neigbour atoms during increase of distance 
between them

Elastic modulus and melting point increase with the force of atomic 
bonds

Elastic modulus describes the material stiffness

E is anisotropic properties related to bonds, contents and structure

for small shape deformations:  Ű=G x ɔ

G ïKirchoff,s modulus or coefficien of transverse elastic

(Blich.4.13, 5.44)

http://en.wikipedia.org/wiki/Solid_mechanics
http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Isotropic
http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Strain_(materials_science)
http://en.wikipedia.org/wiki/Hooke%27s_Law


recrystallization
(Blich.7.50)

Recrystallization is a process by which 

deformed grains are replaced by a 

new set of undeformed grains that 

nucleateand grow until the original 

grains have been entirely consumed. 

Recrystallization is usually 

accompanied by a reduction in the 

strength and hardnessof a material 

and a simultaneous increase in the 

ductility . Thus, the process may be 

introduced as a deliberate step in 

metals processing or may be an 

undesirable byproduct of another 

processing step. The most important 

industrial uses are the softening of 

metalspreviously hardened by cold 

work , which have lost their ductility, 

and the control of the grain structure 

in the final product

strength

elongation

recovery recrystallization grain growth

new grains

http://en.wikipedia.org/wiki/Crystallite
http://en.wikipedia.org/wiki/Nucleation
http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Hardness
http://en.wikipedia.org/wiki/Ductility
http://en.wikipedia.org/wiki/Metals
http://en.wikipedia.org/wiki/Cold_work


Crystallographic texture

Figury biegunowe {111} rzeczywiste, orientacje 

idealne i uğoŨenie kom·rek elementarnych stopu o 

sieci Al walcowanego do zgniotu 95%: a) tekstura 

typu mosiŃdzu, b) tekstura typu miedzi

Figury biegunowe tekstury szeŜciennej 

Zasada rzutu stereograficznego 

(Coulomb 38, 7, 5)

{111} pole figures, ideal orientations,

elementary cell arrangement;

a)Brass type of texture

b) Copper type of texture  

Principles of stereographic projection

Cube type of texture {001}<100>



Forming the crystallographic texture (extrusion 

process)



 

  

 

250nm 

Ti 

TiN 

Ti 

TiN 

<111> 

<010> 

<011> 

<221> 

<122> 

Ti/TiN- X-ray texture tomography


