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Sclenceled

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 scincded 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



Designled

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 engineerimgcused orscienceled
approach however it gives little emphasis to

designled.

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 understandingntrol 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

/. Metals and alloys

8. Ceramic materials and glasses

9. Polymers

10. Composites



11
12

13.
14.
15.
16.

17.
18.
19.

. Intermetallics

. Amorphous and nanocrystalline
materials

Porous materials

Smart materials

Biomaterials

Processing of metals, ceramics, polymers,
composites

Surface engineering

Nanomaterials and nanotechnologies

Basis for materials design
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segregation (chemical/phase)

microstructure morphology (shapelsize of grains)
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Photograph of laminated macrostructure on a cross-section of hot rolled sheet (9 mm thick) of 1050A aluminium alloy etched in
Tucker reagent.



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

Metals i metallic bonds , among 103 elemen89 are metals
Metallic alloys: iron alloys, notferous alloys

Properties: high stiffness, yield strenght, ductility, fracture toughness,
electric and thermal conductivity, metallic glitter, poor chemical
resistance (corrosion)
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A A crystal, or, in shortjuasicrystal, is a that is

but not . A quasicrystalline pattern can continuously fill all
available space, but it lacis . While , according
to the classicei , can possess only two,
three, four, and sixold , the pattern of

guasicrystals shows sharp peaks with other symmetry orders, for instance five
fold.

A were 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 produca¢ #

In the fields of . Quasicrystals had been investigated and
observed earlie:,but, until the 1980s, they were disregarded in favor of the
prevailing views about the atomic structure of matter.

A Roughly, an ordering is neperiodic if it lacks , 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 tham' 1 directions, whera is the dimension of
the space filled; i.e. the threifmensional 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 describedi as;

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
guasicrystals was made "y and coworkers in 1984.

Shechtman received the in 2011 for his findings.


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 aluminurpalladiummanganese
(Al-Pd-Mn) quasicrystal surface.



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

A Since the original discovery o , 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 (AlLi-Cu, Al-Mn-Si, Al-Ni-Co, Al-Pd
Mn, Al-Cu-Fe, AFCW-V, etc) but numerous other
compositions are also known (&b, Ti-Zr-Ni, Zn-Mg-
Ho, ZnMg-Sc, InAg-Yb, PdU-SI, etc.).

A In theory, there are two types of quasicrysta!3he first
type, polygonal (dihedral) quasicrystals, have an axis of
eight, ten, or 12old 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
guasicrystals, are aperiodic in all directions.

A Regarding thermal stability, three types of quasicrystals are
distinguishec:


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

A

To = = =

A

Regarding thermal stability, three types of quasicrystals are
distinguished:
Stable quasicrystals grown by slow cooling or casting with subsequent annealing

Metastable quasicrystals prepared by melt spinning
Metastable quasicrystals prepared by crystalization of the amorphous phase

Except for the AlLiT Cu system, all the stable

guasicrystals are almost free of defects and disorder, as
evidenced by and revealing 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.

The origin of the stabilization mechanism is different for

the stable and metastable quasicrystals. Nevertheless, thert
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 theliquid statefor the stable quasicrystals, whereas the
Icosahedral order prevails in thadercooled liquid state

for the metastable quasicrystals.


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

Examples of lattice planes indexing

Lattice planes belonging to
{111} lattice family of cubic
system




Example of four index
determination of directions
and planes: [uv.w] ; (hk.l)
u+v=-w; h+k=-i
In hexagonal system
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Determination of crystallic structures
Pearson symbolism (two letters and number e.g. cF4; hP2)
letter - crystallographic system
letter i_Bravais lattice unit cells

C ubic P primitive

h exagonal body center

| trigonal - face center

{ etragonal C center on basis
O rthorombic R rombohedral

IM onoclinic

a nortic (triclinic)

Number i number of atoms in elementar unit




German determination.:

AStrukturberichto (letter an
AT elements

B i compounds of AB type

C T compounds of AB type

Number- type of strukture in group e.qg:
Al copper type

A3 T magnesium type

B11 sodium chloride type

ang..face:center cubicy fccor FCE
ang.body center cubic bcc or BCC
ang. hexagonal close packed hcp or HCP



Crystallic structure of metals

Most of metals have one of three crystallic structures i.e. Al, A2, A3 :
1. Face center cubic (RSC,cF4,Al, fcc)
e.g. Cu, Al, Ni, Feo, Ag, Au, Pb
fill out of volume 74%
2. Body center cubic (RPC, cl2, A2, bcc)
3. e.g..Mo,W,V,Nb,FeU,Cr-U: fill out of volume 68%

e.g. Zn,Mg,Cd,TiU,Zr; fill out of volume 74%

T occurence of chemical element or chemical
compound in different crystalline structures

I Is related to transformations in pure elements



Designation and complexity of a crystal

Strukturbericht
Designation

Crystal Type

Elements (monoatomic)

AB compounds

AB> compounds

AmBnr compounds

More complex compounds

Alloys

Organic compounds

¢« o |\ m o o | E

Silicates




A [edit]

y-Fe (austenite), fcc: A1;
a-Fe, Na, bce: A2;

Mg, hcp: A3

Diamond (C), silicon (Si): Ad;
Graphite (C): A9

lodine (l2), chlorine (Clz): A14;
black phosphorus (P): A17;




L [edit]

« Heusler (AlICuzMn): L24.
o (CuzAu)-Structure: L12. (also NizAl NizGe)




[ ]

(Spinel) Structure

|

L1, (CusAu) Structure

|

L2; (Heusler) (AlCu,Mn) Structure L6g (CuTis) Structure
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strain

Poisson ratio



Value of Youngs modulus Iis a measure of resistance put
neighbouring atoms during increase of distance between th

Mocne
wigzania

Strong bonds

Odlegtos¢ miedzy atomami, a
Istance between atoms, a

e~{Ge,




Metal

°C GPa
Pb 327 14
Zn 420 43
Mg 649 45
Al. 660 71
Ag 962 76
Au 1064 82
Cu 1085 124
Ni 1455 214
Fe 1538 196
Cr 1863 289
Mo 2623 324
W 3422 411




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

Elastic modulus describes stiffness of material

For small shape deformation(2) U= Go

G i Kirchoff s modulus or shear modulus or transversal elastic
coefficient
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Static tensile test
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Hardness

solid matter

force

Q) wgtebnik b) Obcigzenie

|olad

TI77777777777 7
Powierzchnia badanego elementu

intermolecular bonds

ductility elasticity plasticity strain strength toughness
viscoelasticity VISCOsSity
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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
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Shock resistance

Arhe 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
Arom 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.
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Thermo Mechanical Fatigue

L fatigue heating
cooling
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http://en.wikipedia.org/wiki/Fatigue_(material)
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Ludwik s formula (1909)
U= kan using parabola description; k,gonstants

Ludwik -Hollomon's formula (1945): G 7 Uy = k{"
where:l,, k, ni constants
U7 stress
U1 true strainG=In(A/A)
in co-ordinate system log 1 log (i ; the straight linear relationship is
obtained

Krupkowski s equation 1946) li = k (z, + /1-z,/z)™
where: z=3(A/A,), zT cold work
A,, AT initial and current value of crosection , respectively

K, z; -constants
When natural strain (logarithmic elongatidrupkowski 's equation

adopts the formula proposed by:
Swift's equation (1952) u=K/G7i G,/



4. Crystal defects of crystalline structure
solid solution, point defects, linear defects, planar defects

A solid solution is a - 3 of one or more in a t

Such a Is considered a solution rather than & when the
of the solvent remains unchanged by addition of the

solutes, and when the mixture remains in a single

.This often happens when the two elements (generaliy )

involved are close together on thi- : conversely, a chemical

compound is generally a result of the non proximity of the two metals

Involved on the periodic table

Basic solid solution

Secondary solid solutioid when 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

conditions

Solid solutions, In accordance with trhe
, may form If the solute and solvent

have:
A Similar atomic radii (15% or less difference)
A Same crystal structure
A Similar electronegativities
A Similar valency

Solid solution can be:
A substitutional (lattice expansion or contraction)
A interstitial solid (lattice expansion)


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

Superlattice

nanometers

Typ nadstrukfury

Przyklady nadstruktur

AuCu, AgPt, CoPt, NiPt, FePt, MnPt
AgZn, CuZn, CuBe, FeCo, FeCr, NiAl. AlFe
C'dMg, NiSn, NiSb, AsNi, AuSn, FeSn

AuCu,, AINiy, FeNiy, MaNiy, PtCuy, FePdy, PdCu;, AgPt,
AlCuy, AlFe,, SiFe,
CdMg;, WCo;, MgCds, SnNiy, MoCo;, ThAl,

Typ sieci krystalograficznej

L1
B2 (L2)
BS,

e
L2, (DO,)
DO,y


http://en.wikipedia.org/wiki/Nanometre
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Crystal Defects
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indentation force

Wear test = |

3/ deformation

(ball pushed into the
coating)

e
plastic flow

H. Jehn, G. Reiners, N. Siegel, in: DIN Deutsches Institut fulr
Normung e.V. (Ed.), Charakterisierung dulnner 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
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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

I
I


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

TiN coating

Microcrack along grain boundaries Microcracks cutting through
columnar crystallites
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mcrack € { 111}
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32 layered Ti/TiN coating ratio 1:1

STEM images of cracks
propagating across the coating
under applied load

b
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coating ‘ [111]TiN I [001] a-Ti
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Ratio 1:4 8 xTi:TIN

at

r
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5. Phase diagrams
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Eutektyka (eutektyk, mieszanina eutektyczna) —
mieszanina dwoch lub wiece| faz, przy okreslonym
sktadzie, ktora wydziela sie z roztworow ciekiych w
okreslonej temperaturze, zwanej temperaturg

eutektyczng. Mieszanina jest produktem przemiany

eutektyczne]. Nazwa wywodzi sie z greckiego stowa
eutektos, co znaczy tatwo topliwy!".

Spis tresci [ukryj]
1 Ogdlne informacje
2 Rodzaje eutekiyk




cutectic temperature
Liquid +a solid solution + f solid solution

cooling

Four eutectic structures:

A-lamellar
B-rod-like
C-globular
. GROWTH
D-acicular DIRECTION

C

FREE SURFACE

P~__SOLID-LIQUID
INTERFACE



Rodzaje eutektyk [edytujkod]

W zaleznosci od ksztaltu | rozmieszczenia dwu faz statych
tworzacych eutektyke rozréznia sie mieszaniny:

« plytkowe

+ Iglaste

« pretowe (stupkowe)

« globuralne (ziarniste)“*1.

Ma rysunku 2 przedstawione sa graficznie rozne typy Rys. 2. Schemat podstawowych

eutektyk. typow eutektyk:

A - eutektyka ptytkowa
Ocena morfologii eutektyk jest sprawa umowna. W zaleznosci B - eutektyka pretowa
od wybranej techniki obserwacyjngj dla tego samego zgtadu C - eutektyka globularna
mozna okresli¢ rézne typy eutekiyki. Nie do korica, réwniez D - eutektyka iglasta
Sg pozZnane przyczyny powstawania konkretnego typu

mieszaniny.

Z punktu widzenia osiagniecia minimum energii swobodne] powierzchniowe] najkorzystniejszg jest
eutektyka globularna. W rzeczywistosci liczne, rozproszone czastkl fazy globularne] muszg
wielokrotnie zarodkowac, co wymaga znacznego przechiodzenia.




Eutektyki pretowe | ptytkowe moga wzrastac przy niskich wartosciach przechtodzenia. Ich
powierzchnia miedzyfazowa jest duzo wieksza od eutektyk globularnych 1 iglastych, totez pojawia sie
wiekszy czynnik energetyczny hamujacy krystalizacje.

Jezell jedna z faz w eutektyce charakteryzuje sie znaczng anizotropig predkosci wzrostu to rosnie w
okreslonym kierunku krystalograficznym znacznie szybcie) od osnowy | zarodkuje wielokrotnie. Taki
mechanizm wzrostu promuje powstanie eutektyki iglaste'[?']

Ogdlnie na morfologie eutektyk majg wptyw ponizsze czynniki:
« Wielkos¢ przechiodzenia
proporcje llosciowe faz
anizotropia wlasnosci faz
objetosc wlasciwa

wspolczynnik rozdziatu?(wspétczynnik podziatu)
przewodnosé cieplna fazl®.




A Crystallization from liquid phase; constitutional
supercooling

A Work hardening, recrystallization, texture
A Plastic anisotropy

A Martensitic transformation, solution hardening
(supersaturation, aging)

A Mechanisms of metal hardening

A Methods of single crystal fabrication



Crystallization from liquid

phase, supercooling Homogeneous

nucleation

Energia
powierzchniowa
4er? %3

Surface energy

Crystallization
temperature

Temperatura krystalizacji

o
[
=
-
o
-
Q
Q
E
@
—

N\
N -
W Energia

IR, P
Supercooling  wydzielanie ciepta o?et%éaoﬁa—
— 2 AHY—

(t ermal) przemiany 3 Te
Heat emission Volume energy

. : Zmi ana ental pi g6
Krzywa chgodzeni : podczas tworzenia kulistego zarodkz
z zaznaczeniem mo




Non-homogeneous nucleation
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Constitutional supercooling
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A work hardening, recrystallization, texture

|

Umocnienie przez
odksztatcenie

Poczgtkowe naprezenie

ptyniecia plastycznego

solid mechanics

stiffness ISotropic
] oGS
strain Hooke's Law

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


http://en.wikipedia.org/wiki/Solid_mechanics
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http://en.wikipedia.org/wiki/Isotropic
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http://en.wikipedia.org/wiki/Strain_(materials_science)
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Crystallographic texture
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Forming the crystallographic texture







