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LASER

Light
Anmpilification by
Stimulated
Emission of

Radiation

Hundreds of materials are able to lase (including exotic ones, like whisky,
Chinese tea, or a gas cloud near Eta Carinea) utilizing more than 15000
transitions.

However, commercial lasers are practically limited to about 40 active media.




Generation of laser light
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The electromagnetic spectrum (UV: ultraviolet, IR: infrared)

atom: electronic transitions (~1eV, narrow)
molecule: + vibrational (~0.1eV) and rotational levels (~0.01eV)

condensed phases (liquids, solids): interaction -> levels broaden to bands

Population

Population = distribution of species among the possible energy levels

NORMAL POPULATION INVERSION
= o
gj Energy level E‘j
(a) Number, n (b) Number, #
Maxwell-Boltzmann ficial
occurs naturally artificia

thermodynamic equilibrium

driving force for energy release

1st prerequisite for laser light generation

m(E,)>n(E,)




Excitation

The way how population inversion is achieved.
electrical (best suited for gases), optical (mainly used for solids),

chemical

Energy, E

E,

E,

(b)

Number, #

prerequisite for laser light generation
m(E,)>n(E,)

Energy

E,

Energy level systems

In principle, a 2-level system is enough for lasing (and diode lasers are actually
based on this scheme), but 3- and 4-level systems are more practical.

3-level laser system

Absorption level
Rapid decay

Excitation

Upper laser level

\-fx Laser A= he
e A=
transition E;—E,

Lower laser level

Population

Conditions to fulfill:

large excitation threshold
high probability of E,->E,

T(E:3)>T(E1)
pulsed

Energy

4-level laser system

E, yy Absorption level
Rapid decay
Ey Upper laser level
g \ﬂ Laser \= he
= transition  © E, — E,
g 3
s
E, Y Lower laser level
Rapid decay
E, Ground state

Population

Conditions to fulfill:
smaller threshold
high probability of E;->E,

(Bs)>(Ey) also cw




Light amplification

Requires a third type of interaction between light and matter:
absorption, emission + STIMULATED EMISSION
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Amplification takes place in an optical cavity
gain, threshold gain, unsaturated gain, saturated gain, losses
it is the circulating (and hence the output) power that affects the gain
(the gain is independent of the excitation power)

positive gain is the 2" prerequisite for laser light generation

The laser output

stimulated emission -> directional and phase matched release of another photon

The laser light is therefore
coherent
monochromatic
has low divergence
has high brightness

According to their output lasers can be categorized as
cw, pulsed or train of pulses
pulse duration: 0.1s — fs
Pulse Repetition Rate (PRR): 1-100 kHz
average power: uW-kW (peak power: TW)

wavelength: may be tunable




Basic components of a laser

Active medium:

in which light can be amplified by stimulated emission

Excitation or pumping:

to maintain population inversion

Optical cavity:

to provide optical feedback

Output device:

to allow usable amount of light to leave the cavity

+ several practical units: power supply, control system, cooling unit ...

Active media

Gases: homogeneous, can be excited electrically, allow flexibility in the
design of resonators

noble gas, ions, molecules (N,, CO,, CO), metal vapour (metal ion (HeCd),
neutral atom (Cu-vapour)), excimer (EXClted diMER)

Liquids: higher density of species than gases, broad emission bandwidth
(-> wavelength tuning)

dyes (approx. 50 different)

Solids: allow the construction of small lasers, no need for gas handling, but
the power and quality of the beam is limited

1) host/matrix material doped with ions of transition or rare earth elements
(YAG, sapphire, CaF,, silicate and phosphate glasses)

2) semiconductors (homojunction (p- and n-type IlI-V) and heterojunction
(multilayers))
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Excitation

» Electrical pumping
» DC (simple, cheap, contamination via electrode
corrosion/degradation)
» AC (upto MHz, compact resonators, benefits like RF)

* RF (electrodes are outside the cavity, less contamination,
more homogeneous discharge, but more expensive than DC,
screening is necessary, low efficiency)

« Optical pumping
— flash lamps (Xe, Kr, high intensity but large losses)
— arc lamps (favoured for cw)
— semiconductor lasers (higher pumping efficiency, novel
pumping arrangements)
« Chemical pumping

* reaction is often initiated by a plasma or flashlamp
(photodissociation)




Optical cavity

Optical cavity = a container bounded by 2 mirrors
it has 5 principal parameters: separation, radii of curvature and
reflectivities of the mirrors

(resonator = optical cavity + excitation device + other units controlling
polarization, mode, pulsing)

Mirrors reflect photons back and forth through the active medium, i.e.:
increase the probability of stimulated emission (via residence time)
provide feedback

Photons that are not parallel to the axis are quickly lost.
— low divergence

Out of phase reflections are lost through destructive interference.
— maintains coherence
Losses:
transmission through the output coupler
scattering by optical inhomogeneities in the active medium
absorption and scattering by the mirrors
diffraction at the edge of the mirrors
absorption in the active medium by other levels

A stable/unstable cavity

The beam converges in a stable cavity, whereas it diverges in an unstable one.

The main advantage of a stable cavity is that it allows the generation of the
fundamental (spatial) mode, which has standard measurable characteristics. This
mode remains constant as the beam propagates. BUT it uses a limited (small)
portion of the active volume — limits the power.

Advantages of and unstable cavity: The radiation is not confined to a narrow
beam, i.e. filling the entire cross section of at least one of the mirrors. — larger
powers; partially reflecting elements are not necessary; BUT the intensity
distribution is compromised as compared to a stable cavity.

Mathematically a cavity is stable, if the centre of curvature of one mirror, or the
mirror itself, but not both, falls between the other mirror and its centre of curvature.
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Stable cavities
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Ipari lézerek 1/2

Liquids
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Ipari lézerek 2/2

100

Material processing /J*\

}

10 = -
J’ ‘L )]
3
4}
")
s ! cRELE
= . 2]z
= 2 = g
g i 3
- (= -
SECI A et
L7
& g
5 Z T
- 0.01 N
’ Measurement

0.001 e
Communications

Diode

0.0001 l l

0.1 1 . 10
ultraviolet visible near infrared far infrared

Wavelength (pm)

The output

The laser light is coherent, monochromatic, has low divergence and high brightness.

Spatial modes

longitudinal: standing wave -> qA=2d
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Temporal mode

Determined by
number of energy levels

3-level pulsed
4-level continuous wave

their lifetime and
the source of excitation
Vary from fs to cw

Mean
. fime Mode Q- . ) .
Chirp 1me 0_“ 2 Q-switch Natural | Mechanical
between lock dump
collisions
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Pulse length (s)

Safety issues

Major hazards are damage to the
« Eye:

— see next slide
« Skin:

— Burns (high power IR lasers)

— skin cancer, aging, dry skin, photosensitive reactions (all
wavelengths)

* Respiratory system:
— small particles (0.02-0.2um -> blood)
— poisonous vapours (esp. plastics)
— ozone (plasma processes)
» Electrical safety:
— power supplies
— X-rays (U>15kV)
* Chemical:
— gases, fumes, dye (fire hazard)

— compressed gases! cryogens
http://www.ehs.indiana.edu/laserman.html




Safety, cont.

The human eye:

Vertical sscticn of tha right oya, shown from the nasal side Pupil

Cheraid fmainky Supaiior lutan
bhaad veasals) tocius muscl

Posterior chamber Anterior chamber
filled with aqueous humor

Ciliary muscle

amen

mor

Ocular focus region: 400nm-1400nm (can damage the retina) ..o
Cornea: absorbs far IR and mid-UV (180-315nm) —
Lens: absorbs near-UV (315-390nm)

vitreous

. . iris—
retinal examinatjq

S
sclera

Optikai elemek




Optics

transmissive, reflective, diffractive optics

focal length, effective focal length, working
distance, etc.

secondary principal surface

primary principal point secondary principal point

primary principal surface
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http://www.mellesgriot.com/pdf/CatalogX/X_01_29-31.pdf

Optics

larger focal length=

larger depth of field

higher tolerance for surface inhomogeneity
more room, reduced chance of damage
larger spot size, lower power density

depth of field (object space) and
depth of focus (image space)

http://www.mellesgriot.com/pdf/CatalogX/X_01_29-31.pdf




Focal number

f-number, f/#, focal ratio, relative aperture, speed
characterizes the focusing ability of the optics

f = EFL F: effective focal length of optic
o CA d: diameter of clear aperture

Transmissive optics

upto about 5kW (thermal lensing)
lenses can only be cooled around its edge

far-IR near-IR + visible uv
ZnSe, BK7 quartz
GaAs
Ge, KCI Pyrex, fused silica |fused silica
MgF,, CaF,

AntiReflection coatings (A/4 thick single layer, refractive index is
multilayer coatings (higher transmittance))




Simple lenses

spherical aberration

(a) (b) (c)

plano-convex positive meniscus aspheric

for f>20cm 25cm<f<250cm f<12cm

Optikai elemek
folyt.

2009. szeptember 30.
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Polarizacio 1.
A fény polarizacios viselkedését a relativ fazisviszonyok hatarozzak meg.

Kett6storé anyagokban a torésmutaté eltéré az ordinarius és extraordinarius
sugarakra. -> az ordinarius és extraordinarius sugarak eltéré sebességgel ter-
jednek a kdzegben.

unpolarized birefringent
input beam material

r
ordinary ——» =
ray
linearly polarized — =—linearly polarized

output beam A r“”c T
utpu < _:) output beam B

unpalarzed output beam ™

Polarizacio 2.

Visszaver6désnél a visszavert fény mennyisége fugg a kézegek relativ torésmutato-
jatél, a beesési szogtél és a beesb fény polarizacios allapotatdl is.

p-polarizalt: az elektromos térerésség vektor a beesési sikba esik

'r!‘y"’{“j 'j'f“,?j s-polarizalt: az elektromos térerésség vektor a beesési sikra meréleges
b= 6,
2. 2
Fresnel-formulak: . _[sin(6.-6,) tan(6, - 0,)\
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s =100 sin(6, +6,) 7\ tan(6, + 6,)
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Polarizacio 3.

Linearisan polaros fény: Cirkularisan (korben) polaros fény:

Polarizaciés kocka: A4 lemez (quarter-wave plate):
eflected bear Ha egy kett6storé anyag vastagsagat
s-polarization l:lgy VélaSthUk meg, hogy aoeése

sugarak kézott negyed periddusnyi
/% _ ransmitted faziskllonbség j6jjon létre, akkor egy
7 _//TW p-polarized ilyen eszkoz segitségével a linearisan
K

polaros fénybél cirkularisan polaros
== fényt tudunk létrehozni.

incident
beam

A polarizacié befolyasolja az elnyelt fényintenzitast, s ezaltal a Iézeres megmunkalas
hatékonysagat és mindségeét.

Kollimatorok

D>1.5 x nyalabméret (1/e? TEM,,-s Gauss nyalab)
cél: 1) divergencia csOkkentése 2) az optika (apertura) kitoltése -> nagyobb
munkatavolsag

Galilei elrendezés
kisebb térigény ©
nagy teljesitmények ©
(nincs koztes fokusz)

Kepler elrendezés

koztes fokusz ®
térszirés ©




AXxicon lencse

parhuzamos nyalab -> gy(r( pontforras -> vonalfokusz (optikai
tengely mentén!)
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alk.: kornea ablacio alk.: lyukfuras

kor alaku nyilasok belsé
fellletének kezelése

&=

Nyalab integrator

Cél: a nyalab intenzitaseloszlasanak homogenizalasa

D=p— ff
A
négyzet

T
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Szaloptikak

flexibilitas, szinte kizarélag Nd:YAG lézereknél alkalmazzak

Step-index

| Polymer jacket |

I Cladding | NA

m Fibre Laser beam

Graded-index

i - i
IAGE
| | Beam collimation
and focusing

modust megérzi (single mode fibre) — jobban fokuszalhatd nyalab

Reflektiv optika

kevesebb aberracio és tombi kialakitas esetén jol hithetd6 — nagy teljesitmény

Cu (OFHC), 1/20, 98,6%@ 10.6um; Mo, Si
védbbevonatok (Ag (99%+, levegén nem stabil), Au (98.9%))

Nyalabterel6 tlikrok
kb. 1% veszteség/tukor

Gombi tukrok
paraxialis sugarakra jok (<10°)

Parabolikus tuikrok

aberracidomentes fokuszalas,
de korulményes beallitas

Optical axis

Paraboloidal
mirror

|

*an | -

length




Reflektiv kollimatorok

D>1.5 x nyalabméret
cél: 1) divergencia csokkentése 2) az optika (apertura) kitdltése -> nagyobb
munkatavolsag

koztes fokusz ®
térsziirés ©

Ay

Kepler elrendezés

(
JAN
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r Y

A
/
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Y

Galilei elrendezés
kisebb térigény ©
nincs koztes fokusz ©

Nyalab raszterezeées

Altalaban két — egymasra merdleges tengely mentén — oszcillalé tiikdrbél allo
optikai elrendezés.

J.-'-oscillaltion( -
- J L
x-oscillation




Anyagi tulajdonsagok

Anyagcsaladok

Fémek

Keramiak, Uvegek
MGanyagok
Kompozitok

A csaladok kozti kilonbségek targyalhatéak:
atomi szinten (10-°m)
mikroszkdépikus szinten (10-°m)
makroszkoépikus szinten (10-3m)




Kotés tipusok

« Elsérendi, vagy kémiai kotések
— lonos (600-1500 kJ/mol)
— Kovalens (300-730 kJ/mol)
— Fémes (68-850 kd/mol)
 Masodrendu, vagy van der Waals
kotések
— Hidrogénhidkotés (30-51 kd/mol)
— Dipdl kolcsonhatas (5-30 kd/mol)

lonos kotés

, Coulomb kolcsonhatas
Elektron mozgas

Nemesgaz szerkezetre s -
torekves

Periddusos rendszer jobb

és bal szélein lev6 elemek
kozott. (keramiak) .
Nem iranyitott
@ * | @
Tulajdonsagok:
-3- == -1- =
T (@)
*Kemeény, torékeny

*JO elektromos és hdszigeteldk




Kovelens koteés

Elektron megosztas s
Py “\\
Nemesgaz szerkezetre ..f/ H
torekvés { |
\ /
.. . Shared electron
Periddusos rendszer jobb Shared Eleclrﬂﬂ__x, & — from carbon
oldalan levé elemek from hydrogen -~ “R\
(keramiak, mianyagok, /,..-——-.H\ / /,,---— \]\ \ /‘ "m\
félvezetsk) /" ¥ [/ C c ¥ om N
. |' i |l |
Iranyitott \ | o ¢\ /
A Y
\. ,f/ \\"-\ \c"\ / -'“! \x z/
s g, 2
Tulajdonsagok: 9 =

attol fugg, hogy atomracs vagy molekularacs //Q H\x_\

_ XaXa)® \ ¥
lonos karakter=|1-e 4 x(100%) o

ahol X,, Xg a Pauling-féle elektronegativitas

Fémes kotés

Elektron megosztas (elektron
felh6, max. 3e-/atom)

Periddusos rendszer atomtorzsek
leggyakoribb kotése (fémes /
elemek és 6tvozeteik) @ @ @
Nem iranyitott - = .
Tulajdonsagok: : : : = : - :
*Kemeény, de jol alakithato @ @ @ @
+JO elektromos és hévezetdk E - -
0000

elektronfelhd




Mikroszkopikus szinten

Fazisdiagramok

Mindig termodinamikai egyensulyra vonatkozik.

A legegyszeribb két komponensu

rendszer
Az ,oldat-rendszer”-ek (pl. Ni-Cu rendszer)

Kristély elektrone- | r (nm)

racs gativitas
Ni FCC 1.9 0.1246
Cu FCC 1.8 0.1278

» Az azonos kritalyracs, valamint a kdzel azonos elektronega-
tivitas és atomsugar kolcsonos oldékonysagot sejtet (< Hume
— Rothery szabaly).

* A Ni és a Cu egymasban korlatlanul oldédik.




1) A fazisok szama és tipusa

s T(°C
« Példak: 16(00 )
L (folyadék)
1500 2 e CuNi
B(1250°C, 35): 1400 £ fazis-
2 fazis: L + o L7 diagram
1300 | =
- (FCC szilard
1200 | oldat)
1100 } :
I
1000 [ I S — .
0 20 40 60 80 100 M/m% Ni
2) A fazisok osszetétele
Cu-Ni
rendszer
. Példak: T(°C)
Co = 35 m/m% Ni L] S— A "
L. ‘Q\)\d
TA =1320°C: 1300 |- L (folyadék) >
g X
Csak folyadék (L) ‘B <5
CL = Co (= 35 m/m% Ni) TBp %
Tp = 1190°C: o | A |
D o 1200 [~ LT Loip o
Csak szilard (o) Tpf— i1 (szilérd)
Co = Co (=35 m/m% Ni R
20 38235 4043 50
TB =1250°C: CLCO Ca m/m%% Ni
Mind o mind L

CL = Cliquidus (=32 m/m% Ni)
Co = Csolidus (=43 m/m% Ni)




3) A fazisok mennyisége

Példak:
Co =35 wt% Ni
TA: Csak folyadék (L)
Wi =100 m/m%, Wq
Tp: Csak szilard (o)

Wi =0, Wg =100 m/m%

Cu-Ni
T(°C) rendszer
TA """"""""" 'A 6\)6
1300 |- L (folyadék) >
B~

‘D

YT , 1200 o
TB: Mind o, mind L TD-— I:, (szlilérd)
S | _43-35 20 303235 4043 50
WL - R+ S - 43_32 _- CLCO Ca m/m% N|
R Emel&szabaly!
W, = =2 - E

A Cu-Ni binaris rendszer egyensulyi

hutese
TCO)L (folyadek) L: 35m/m%Nj
* A rendszer: Cu-Ni
--két komponensi 1300 :4 o rendszer
Cu és Ni L: 35 m/nj% Ei.
--izomorf o: 46 m/m% Ni
azaz a komponensek
egymasban korlatlanul L 3b ymes N
oldédnak; avagy az 3 D
a fazis 0-t61 100 m/m% 1200 oc 4P mim7e N
Ni-ig terjed. S L: 2 m/m% Ni
o : a: 3p m/m% Ni
. szilard) i ‘
* Tekintsuk most a ( ) '
Co = 35 m/m%Ni 1100 L |
esetet! 20 30 35 40 50
Co m/m% Ni




Egyensulyi vs. nemegyensulyi hites

termodinamika vs. kinetika

egyensuly = a fazisegyensulyt minden idépillanatban
fenntartjuk; ehhez diffuzié szukséges (folyadékban még
OK, de szilard fazisban igen lassu! kulonosen alacso-
nyabb hémérsékleteken) - igen lassu hitést feltételez

egyensulyi allapot = stabil; nemegyensulyi allapot =
metastabil

A metastabil fazisokat tartalmazoé rendszerek sokszor
sokkal fontosabbak és érdekesebbek, mint a stabil,
egyensulyi rendszerek.

Az eltérés meértéke a hitési sebesseégtél és a szilard fazisra
jellemzé diffuzids sebességtdl fugg.

Temperature (°C)

Szegregacio
Cq valtozik a megszilardulas kozben. A szemcsékben az

elemek eloszlasa nem homogén; a mag a magasabb op.-u
fémben gazdagabb.
[ I

@ L
a (46 Ni)
1300 @ & 1300
“ | +
. ,

° o
R T
a(46 Ni)

!

' 43 Ni (43 Ni)

L c24 (43 Ni) 43 Ni
L (32 Ni

Temperature (°C)

1200 [~ 1200

1100 l . v 1100 | I |
20 30 40 50 20 30 40 50 60
Composition (wt% Ni)

Composition (wt% Ni)

Egyensulyi Nemegyensulyi




Két komponensu eutektikus
rendszerek

Eutektikum = (eutektos(g)=konnyen olvadd) az a két komponensi
keverék, mely jol meghatarozott minimalis olvadasponttal rendelkezik.

T(°C) Cu-Ag rendszer

Példa: 1200
« 3 db 1-fazisu régio ~ L (folyadek)
(L,a,B) 1000} -
« 3 db 2-fazisu régio o !
(Lyat, L4, o) TET /8.0 cutektius zof 5 914
« T-: legalacsonyabb T, g BRI
+ Korlatolt oldhatésag (T<Te): , [ at+p
o: kevés Ag a Cu-ben E

. kevés Cu az Ag-ben 2 L !
B g 00O 20 40 60 Ce 80 100

- Eutektikus atalakulas: C,, m/m% Ag
hutes

L(Cp) = a(Cye) + B(Cye)

Anyagi tulajdonsagok

2009. oktdber 7.




A lézeres anyagmegmunkalas szem-
pontjabol fontos anyagi
tulajdonsagok

 Optikai tulajdonsagok
« Mechanikai tulajdonsagok
« Termikus tulajdonsagok

Abszorptivitas, A o1

E

absz
E 0

A nyalab teljes energidjanak, teljesitményének ezen része “hasznosul’,
hisz ez forditdédik a minta megmunkalasara.

A = l1=A+R+T

Excimer  Diode Nd:YAG CO,
1 e " y
l”
0.8 | ! polarizaciofuggé!
/ (Id. Fresnel formulak)
IS ! ” rd ’ LT 174
£ o6} ! Organic hémérsékletfliggd,
’*é- materials Iegtobb szilard fémre, Otvo-
Z o4} zetre az IR-ban dA/dT>0
fugg a fellleti simasagtol
02 b durva felszin A-ja nagyobb
0
0.1 1 10

Ultraviolet visible

Near infrared

Wavelength (pm)

Far infrared




02
Abszorpcios tényezo, S

Beer-Lambert torvény:

— Bz E,: mintara esé energia (z=0)
E(z)=E,e™”

E: energia a minta z mélységében

p: abszoprcios tényez6

abszorpcids hossz:

ahol E(Zabsz) — ﬂ
e

Z =

1
absz E

v o M1l
Suruseég, p

Az atomok szorosabb illeszkedése nagyobb s(irliséget (és egyszersmind
magasabb olvadaspontot is) eredményez.

Fémek: altalaban nagy
Miianyagok: alacsony




Fajhé, ¢ T

Az anyag fajlagos hékapacitasa:
annak az energianak a mértéke, mely ahhoz szukséges, hogy az anyag
egyseégnyi mennyiségének hémérsékletét 1 kelvinnel noveljuk allandd
nyomason
vonatkozhat tomegegységre, térfogategységre, vagy egységnyi anyag-
mennyiségre,
mértékegysége, ennek megfeleléen:

Jkg?' K, Jm” K™, Jmol 'K

A legtébb anyag térfogati fajhdje szobahémérsékleten: 3x10° T m>K™

A fajhé hémérsékletfliggése:
fémek és otvozetek: a hdmérséklet novelésével nd, max. 25 J mol-! K-
keramiak és uvegek: a hdmérséklet ndvelésével né, mig kb. 1000°C-nal
allandéva valik
miianyagok: az Uvegesedési hémérséklet eléréséig nd

Hovezetoképesség, A T2

thermal conductivity

Az anyag azon tulajdonsagat jellemzi, hogy egyensulyi korulmények kozott
milyen mértékben képes a hé vezetésére.

. heat flux
temperature gradient [A]=Wm'K™'
AQ _ 44T
At Ax

Fémek: elektronok — nagy hévezetéképesség, T ndvelésével csdkken,
Wiedemann-Franz torvény —=LT. L=244x10"W0K"

Keramiak: fononok — nagyobb kdtésersség jobb hévezetbképesség (pl.
gyémant), réteges szerkezetekben anizotrép (pl. grafit) , T nove-
lésével csokken

Uvegek: amorfak — rossz hévezetés és nincs jelentdsebb hémérsékletfiiggés

Mianyagok: kovalens kotés + nagy molekulak + kevéssé kristalyos — alacsony
hévezetés




Hédiffazios egyiitthaté,a 13

thermal diffusivity

A hdvezetéssel terjedd energia

a = =
foX¥e térfogategységben tarolt energia

Tranziens (nemegyensulyi) folyamatok soran jelentés!
pl. impulzus lézeres kezelés, vagy mozgd minta/nyalab

Termikus behatolasi mélység:

z =/ 4dat t. a hékezelés ideje

Otvozetek hédifflzios egyitthatoja kisebb, mint a tiszta fémeké!

Hotagulasi egyutthato, « T4

Al
o =—-
l,-AT

Szoros illeszkedés kristalyracsoknal (pl. fémek, otvozetek, ionos keramiak)
a hétagulasi egyutthaté nagy.

Kovalens kotésl anyagokban van elegendé ,szabad hely” a tagabb rezgési
amplitudok szamara is — kisebb hétagulasi egyutthato

Anizotrop anyagokban iranyfuggé.




Atalakulasi hémérsékletek 1>

A kulonféle fazisatmenetek jellemz6 hémérsékleteken jatszodnak le.
olvadaspont, forraspont ... T ~2.T
melyekhez karakterisztikus energiak is tartoznak » »

fémek, 6tvozetek

Szoros illeszkedés és erés kotés magas olvadaspontot eredményez.

- s . Polimer T, (°C)
Uvegesedési homerseklet,.Tg. ) Polietilén (LDPE) 955 or 30
amorf anyagokra jellemz6 Polipropilén (atactic) -20
szilardszerl -> folyadékszeri Polivinilacetat (PVAc) 28
viselkedés Polietilén tereftalat (PET) 79
Polivinilalkohol (PVA) 85
Polivinil-klorid (PVC) 81
Polisztirén 95
Polipropilén (isotactic) 0
Rubbery Polimetilmetakrilat) (atactic) 105
Volume Modulus Gumi 160
T T Szilicium oxid 1175
Glassy ’ Glassy
{ i Tz
i A ~ .
. T, ~1.5T,
Temperature k/]'a

Olvadasho, parolgasho TS5

A fazisatalakulast kisérd szabadenergia valtozas.

AH =T-AS
Olvadasra: —Af o = AS ~ R=8.314Jmol 'K
op

AHforrds -1 -1
Parolgasra: ———— =AS =10.5R =88Jmol " K
I Jp

Trouton-szabaly

FIGYELEM: a fenti 6sszeflggések nem érvényesek asszocialodd
anyagokra (pl. masodrendl kotések)




Anyagi allandok
FEMEK ES OTVOZETEK

Table D.1 ~ Mechanical and thermal properties of some engineering metals and alloys: p is density; E is Young's modulus; oy, is yield stress; o7s is ultimate tensile stress; &5 is elongation
at failure; A is thermal conductivity; ¢, is specific heat capacity at constant pressure; @ is thermal diffusivity; Ty is melting temperature; T, is vaporization temperature; Ly, is latent heat of
melting; Ly is latent heat of vaporization; « is coefficient of linear expansivity (the quantities A, ¢, and a refer to values at 60% of the melting temperature)

Material Grade Mechanical properties Thermal properties
P E ay oTS £f A ¢ a T Ty Ly Ly o
(MNm™2) (%) (Js7'm™'K7) (Jkg™'K™) (w7 x107) (K) (K) (kg (MIkg™') (K™'x1079)

Aluminium CP 2704 71 50 200 43 238 1000 88 932 2740 388 10.79 23
Copper CP 8930 117 75 400 45 375 471 112 1356 2868 205 4.79 17
Copper Brass 8500 115 450 550 8 110 370 35 1300 1180 150 3.75 18
Copper Bronze 8800 110 140 260 10 180 360 57 1300 2540 105 3.50 17
Gold cp 19300 71 40 220 40 296 132 116 1340 3239 65 1.28 14
Iron CP 7790 206 165 300 45 325 560 7.5 1810 3300 272 6.10 12
Iron C-Mn 7764 210 300 460 35 30 420 9.2 1800 3100 270 6.05 15
Iron AISI 304 7870 195 230 600 60 25.5 450 72 1773 3300 280 6.20 16
Tron Grey 7142 110 180 275 05 75 500 21 1500 2900 100 5.80 11
Iron Nodular 7891 197 275 415 18 25 480 6.6 1810 2900 100 5.80 12
Iron Malleable 7700 180 190 230 0 75 440 22 1420 2900 140 5.80 11
Lead CP 11538 16.1 12 168 50 33 130 22 600 2017 24 0.863 27
Magnesium CP 1740 44 95 190 5 100 821 70 924 1380 358 5.51 25
Nickel CP 8900 207 60 300 30 72 560 14 1726 3005 302 6.38 18
Nickel Monel 8800 150 240 520 40 360 420 97 1600 2800 250 520 14
Silver Ccp 10500 70 150 180 45 419 235 160 1230 2485 106 233 19
Tin Ccp 7300 40 26 30 0.5 68 264 39 505 2540 60 2.50 23
Titanium Ccp 4500 116 480 620 20 23 523 9.8 1950 3530 392 10.67 9
Zinc cp 7140 110 260 150 50 111 420 40 693 1180 110 1.76 31

UVEGEK ES KERAMIAK

TableD.2 Mechanical and thermal properties of some engineering glasses: p is density; E is Young’s modulus; o7 is ultimate tensile stress; A is thermal
conductivity; ¢, is specific heat capacity at constant pressure; a is thermal diffusivity; Ty is glass transition temperature; Ty, is melting temperature; « is
coefficient of linear expansivity

Material Grade Mechanical properties Thermal properties
P E oTs A ¢ a T, T o
(kgm™3) (GNm™2) (MNm™2) (Js!'m'K™) (Jkg'KH (m¥s'x107% (K) (K) (K!'x107°)
Alumino-silicate  Fibre glass 2700 85 60 1.0 800 0.46 863 1500 5.2
Boro-silicate Pyrex 2300 65 55 1.0 753 0.57 743 1400 3.2
Glass Silica 2200 75 70 1.4 840 0.76 1253 1715 0.6
Glass Soda 2500 74 50 1.0 503 0.80 793 1996 7.8
Glass Lead 3000 60 65 0.8 670 0.40 663 1996 9.4
Table D.3  Mechanical and thermal properties of some engineering ceramics: p is density; E is Young’s modulus; o, is yield stress; o7 is ultimate tensile stress; &y is elongation

at failure; X is thermal conductivity; ¢, is specific heat capacity at constant pressure; a is thermal diffusivity; T,y is melting temperature; e is coefficient of linear expansivity (*four
point bending; *compression)

Material Grade Mechanical properties Thermal properties

P E ay* ors & A [ T o

(kgm=3) (GNm™2) (MNm™2) (MNm™2) (%) (Js'm'K™') (kg'K™) (m (K)  (K7'x107)
Alumina AL, O3 3970 345 455 250+ - 7.80 800 9.54 2303 8.5
Aluminium nitride ~ AIN 2700 320 441 425 - 180 700 95.2 2173 4.4
Beryllia BeO 3100 400 246 250 - 210 1080 62.7 2803 7.4
Boron carbide B4C 2520 450 350 350 - 37.0 950 15.5 2623 4.3
Brick Red 2300 17 500 36+ - 0.60 440 59.3 2980 9.0
Diamond 3510 500 1500 10000 - 2000 472 1207 4300 1.2
Granite 2750 70t - 175% 23 1.5 800 0.68 7000 8.0
Limestone CaCO3 2000 63+ - 110t 20 1 1000 0.50 2750 7.0
Magnesia MgO 3580 395 280 - - 62 940 18.4 3073 12
Marble 2850 75t - LTS - 3 880 1.20 - 6.5
Porcelain 2400 70 - - 45 5 1070 1.95 1823 3.0
Sialon Si3Ng-AL O3 3200 300 425 400 - 22 750 9.2 1600 341
Silicon carbide SiC 3170 400 140 450 0.6 100 1240 0.16 2500 4.5
Silicon nitride Si3Ng 3100 175 210 275 = 16 750 6.9 2023 2.6
Tungsten carbide wC 15800 700 - 344 - 70 340 13 3073 7.3
Zirconia ZrO, 5600 138 175 325 - 19 460 0.6 2770 11




MUANYAGOK

Table D.4  Mechanical and thermal properties of some engineering polymers; p is density; E is Young’s modulus; o, is yield stress; o7s is ultimate tensile stress; £ is elongation at failure;
A is thermal conductivity; ¢, is specific heat capacity at constant pressure; a is thermal diffusivity; T, is glass transition temperature; T), is melting temperature; « is coefficient of linear
expansivity (Kevlar is a registered trademark of E.I. du Pont de Nemours and Company)

Material Grade Mechanical properties Thermal properties

P B ay ors & A [ a Ty T o
(kgm™3) (GNm™2) (MNm™2) (MNm™) (%) (s'm™K"') (Jkg'K) (m?s'x107%) (K) (K) (K'x107)

Acrylic Moulded 1150 3.1 74 69 6 0.20 1500 0.12 373 403 73
Epoxy Cast 1120 3 80 90 3 0.17 1400 0.11 380 420 5
Melamine Phenolic 1630 10.7 94 70 80 0.56 1700 0.20 == 360 4
Nylon 6 1130 3 79 100 70 0.23 700 0.29 340 480 94
Polyamide Kevlar® 1450 110 120 3200 6.6 0.37 1100 0.23 553 1273 28
Polycarbonate 1200 2.38 62 66 80 0.19 1300 0.12 573 783 75
Polyetheretherketone 1330 4.5 99 110 37 0.25 2000 0.01 413 613 39
Polyethylene Low density 920 0.18 20 13 600 0.25 2300 0.12 270 360 200
Polyethylene High density 930 043 25 30 200 052 2300 0.24 300 383 200
Polymethylmethacrylate ~ Atactic 1190 3.18 80 76 5 0.20 1500 0.11 378 400 250
Polypropylene Atactic 900 1 25 35 220 0.16 2100 0.01 253 310 62
Polystyrene Amorphous 1050 3.1 40 50 2 0.13 1300 0.01 373 373 70
Polyurethane 1100 0.44 25 27 250  0.19 1500 0.12 — 358 280
Polyvinylchloride 1352 0.01 28 37 300 0.13 1800 0.05 350 370 150
Rubber Polyisoprene 916 0.02 & 17 500 0.13 1905 0.07 220 350 660

KOMPOZITOK

Table D.5 Mechanical and thermal properties of some engineering composites: p is density; E is Young’s modulus; o is yield stress; o'rs is ultimate tensile stress; A is
thermal conductivity; ¢, is specific heat capacity at constant pressure; a is thermal diffusivity; T, is melting temperature; « is coefficient of linear expansivity (*bending;
+ compression; || parallel to grain/reinforcement; *perpendicular to grain/reinforcement)

Material Grade Mechanical properties Thermal properties

P E ay oTs A ¢ a y o
(kg m™>) (GNm™2) (MNm™2) (MNm™2) (Js"!m™ 'K (]kg'] K (m?s71x107%) (K) (K~!' x 1079)

Aluminium alloy-SiC  Particulate = 3050 200 300 350 180 850 69.4 823 165
Bone Invivo 2100 20 - 150 0.38 440 0.29 - 1.46
Carbon fibre CFRP 1700 100 - 250 0.75 1373 0.30 500 8
reinforced polymer
Concrete 2400 30t 400 40" 0.10 3350 0.01 1600 12
Glass fibre GFRP 2400 80 - 220 0.60 3350 0.01 1600 10
reinforced polymer
Human tissue Muscle 1010 - - - 0.46 3662 12.4 - -
Titanium alloy-SiC Fibre 4100 320 170 450 23 523 9.8 1950 6.8 (|]),
8.0 (4)
Wood Ash 600 10.5* 55% 75* Lo (], 1800 0.65 - 50 (I|),
04 (+) 27 (4)
Fir 520 12.0* 40* 65* 1.0 (1), 1700 0.79 = 55 (I1),
04 (Y 25(4)
Oak 680 171:5% 50* 75" L5 (I, 1900 0.77 - 70 (1),
06(4) 30 (4)
Pine 600 12.5% 50 75 L0 (I]), 1700 0.69 = 60 (I1),
0.4 (%) 25 (1)




Anyagi tulajdonsag diagramok;, 1
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Anyagi tulajdonsag diagramok, 2
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Anyagi tulajdonsag diagramok, 3
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Termikus feszUltség




