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Transport hmoty

& Uzavrena soustava
& Otevrena soustava

Difuze a konvekce

@ Difuze, konvekce, mechanické pohyby (kombinace)
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Difuze

Nauhlicena
CrMn ocel Z.arové zinkovani

0,035 %Si

0,27 %Si

http://www.povrchovauprava.cz/clanek/49/aktualni-problemy-vytvareni-povlaku-typu-duplex-na-podkladech-
zinkovanych-ponorem
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Metalurgicke priklady

Pravy Damask Nepravy Damask (kovarsky)

( vanad, pomalé tuhnuti, dentrity)

(C ocel 0,6= a 1,1%, ohybani +skovani, perliticko
cementiticky)

Sendvi¢, koroduje
(keltové)

Z jednoho kusu,
nekoroduje (indie,
japonsko)

http://www.noze-nuz.com/recenze/damasekl/damasekl1.php
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Bodove poruchy

Point defects of crystals

Vacancy Interstitial impurity Selt-interstitial

Substitution impurity Frenkel defect

www . substech.com
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Riznée typy poruch (kulickovy model)



:/ /

A =X A8, —RIX, In X, + (1 —X)Inil = X))}

ntropic Vaan01 u SCC

AH = AH. X,

+ RTIX, In X, + (1 — X,)In (1= X))

_TAS = RT InXy

* Fig. 1.37 Equilibrium vacancy concentration.



— bce-type stm-:hn-a.i
NiGa—= —— close-packed siructures




Incomplete
plane of
atoms

Incomplete
band
{symbal 1}

(d)

n—inconiplete row of atoms above slip plane.
Dislocation

(a) Dislocato

Edge dislocation movement (slip).
(¢) Dislocation moved one row to the left. (d)

(1) Shear forcc (P), causing dislocation 1o move.
reaches surface of crystal, producing plastic strain (deformation).

A screw dislocation. (Arth

. i
L. Rl.l()ff, Materials Science © 1973,
Reprinted by permission of Prentice-Hall
Inc., Englewood Cliffs, N.J.) ‘




Plosne poruchy
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Vakanc¢éni mechanismus -intersticialni

(a/2]v/3

OF ofC
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Tuhe roztoky a

itaty

precipi

0006000
$9644666&
0000006

Substitutional solid solution precipitation

Interstitial solid solution

17
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@B interstitials
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parent lattice

O 0

°
OO0 O0O00O0O0

O00O OO0

1
Jo = =Ten, atomsm 2g !
o...vzdalenost kg B

Fovin

—
-

oo o000

OO0 OO0 000
OO0 O0O00O0O0
r———0-—-—@ - - -0-— -
OO0 00O O0O0O0

00
- —o=

- 1
JB = EFE#E atoms m_z 5_1

/)
]

.
Q
w
@)
sl

@
X

- = 1
Js=Jg~Jg= EFB(PH - Hg)

_(F‘H — nz) = «(Ce(1) = Cg(2))

X
Fig. 2.5 Interstitial diffusion by random jumps in a concentration gradient.



1. Fickuv zakon

1 ac 1_ -
Jag = —(- [-Bﬂz)_ﬂ atoms m < 51 Kde oznaéime Dy = graﬁz

6 ax
e .- o 1. Ficktv Dg...intrinsic difusivity (vniténi
ox zakon difazni koeficient)

»Nahodna prochazka“
vede k: r=a(T) r = 2.4/(D1)
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lngﬂ=lﬂgﬂu—zgﬂ

Table 2.1 Experimental Diffusion Data for Interstitials in Ferritic (bec) Iron

Solute  Dg/mmis™'  Q/kJ mol™ Ref.




EXAMPLE: STEADY STATE DIFFUSION
+ Steel plate at 700°C o

Carbon _*® i g!ﬁi

Carbon

deficient
gas

0 X1 %2 D=3x10"11m2ts
’-":,& 2,
: How much carbon is transferring from the rich to

deficient side?
C _C

o k
J__p=2="1_24,10° 3

KE —K.-I n1.":5
Anderson 205-5.13

+— Air stream inlet







Reseni difuznich rovnic

- analytické reSeni (presné, integrace difuzni rovnice)
- numerické reSeni (aproximace blizici se presnému
reSeni, viz seminar (EXCEL, Wolfram aplha)

Applied Mathessatics and

 INSIDE! Misthematical Compatation 12 Problém:

Numerical Solution of -difuzni rovnice

Convection-Diffusion . o

spei (2.Fickuyv z.)

K. W. Morion - okrajové
podminky
(konkrétni

pripad)

http://farside.ph.utexas.edu/teaching/329/lectures/node74.html

http://ceeserver.cee.cornell.edu/cee6550/Site/Lecture%20Notes_files/ch4_diffusion_v1.pdf

Kosice zafi 2012

24



C = C + Pysin (n—:)ﬂxp?
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Difuze v pevnych latkach - Autodifuze
(vakancne substitucni mechanismus)

Autodlfu%e- dlfu%e A v A: méri se Is...frekvence nahodnych
znackovanymi isotopy.

preskoki, a...vzdalenost
atomarnich rovin

1
Dy=Dp=—-oT ) N -
A AR * Exaktné vzato se jedna vlastné o difuzi
vakanci
Model piredpoklada: Ze smér skoku Motion of the
o - v PR \, substitutional atom~
nezavisi na skoku predchazejicim coz |
plati dob¥e pro intersticialni ale nikoliv ’ ‘ ‘ ‘

presné pro substitu¢ni preskoky.

[ 4

Pozor skok zpét je pravdépodobnéjsi je ‘ . ‘
nutno zavest korela¢ni faktor f<1 ‘ ‘ Vs ‘

DA =fDy = [ o’T/6 ‘ ‘ ‘
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F=1JII,,.EIP':§1T}E

1
Dy = Euzzu exp




Table 2.2 Experimental Data for Substitutional Se]‘:l'-l]!ﬂ'miun in Pure Met
at Atmospheric Pressure

Data selected mainly from A.M. Brown and M.F. Ashby, ‘Correlations
Diffusion Constants’, Acta Metallurgica, 28: 1085 (1980),

Class Metal

bee e-Fu
(rare earths} &-Ce
v-La
v-Yb

bee Rb

(alkali K

metals) Na
Li

DCC B'T]
(transition Eu
metals) Er

a-Fe*

&-Fe*

B-Ti

B-Zr
Cr
V
Nb
Mo
Ta
W

T

914
1671
1193
1796

312
337
371
454

577

Dy
T

mm?® s~

0.3
1.2

1.2

23
31

23

40 .

100
200
109

134
20

28.8

Q

kJ mol™~!

65.7
90.0
102.6
121.0

39.4
40.8

Q
RT,,

8.7
10.1
10.4

8.1

15.2
14.6
14.2
14.7

19.7

15.8
20.3
15.9
15.8
15.6
15.5
17.4
17.2
19.3
19.2
15.2
20.9

D(T)

pm? ™!
53
49
42
3600

5.8
15
16

9.9

011

14
0.71

26

26

18

25
0.54
0.97
5.2
0.84

3
34

RT :

D(T,, (10712 m?

//

s7H



Class Metal 12 2o __© ° D)
mm® s kI mol™! RT, pm? 5!

(%] ]

hep* cd 594 |lc 5 762 15.4 0.99
Le¢ 10 79.9 16.2 0.94
Zn 692 |[el3 91.6  15.9 1.6
Lc 18 96.2 16.7 0.98
Mg 922 [cl00 134, 6 2.3
Lcl50 136.0 17.8 2.9
foc Pb 601 137 1091 218 0.045 amizothopieidifuze
Al 933 170 142.0 18.3 1.9
Ag 1234 40 184.6 18.0 0.61
Au 1336 10.7 176.9 15.9 1.3
Cu 1356 31 200.3 17.8 0.59
Ni 1726 190 2797 195 0.65
| T, D, 0 o D(T,)
Class Metal K mm’s ' kimol”! RT, pm® s~ !
B-Co 1768 83 2834 19.3 0.35
v-Fe' 1805 49 284.1 18.9 0.29
Pd 1825 20,5 266.3  17.6 0.49
Th 2023 120 3197 19.0 6.6
Pt 2046 2 2784  16.4 0.17
et B-Sn 505 flc 770 107.1. 255 0.0064
| L ¢ 1070 1050 250 0.015
diamond Ge 1211 440 3245 323 44 x 1077

cubic Si 1683 0.9x 10° 4960 355 36x107 |




All isotopes of Iron have 26 protons. Therefore,
|SO'|:O py they are chemically identical. On the other hand,
26 the nuclear properties among isotopes can be
Fe very different.
Fe
foe 2 Mass=55.845 is the abundance-averaged mass

// wahle isotopes of Iron

r = L

26p 26p 26p 26p 26p 26p 26p
28n 29n 30n 31n 32n 32n 33n
Fe-54 Fe-55 Fe-56 Fe-57 Fe-58 Fe-59 Fe-60
STAEBLE 2.7 years STAELE STABLE STABLE 44 davys 1EB years

Each iron isotope has a different number of neutrons

Unstable isotopes decay in one way or another.

-
This one emits an electron from the nucleus (called a beta-particle),
converting a neutron into a proton and becoming Cobalt-59,

with 27 protons and 31 neutrons.

It does this with a half-life of 44 days. So after 44 days, half of your
Iron-59 would have turned into Co-59, which is stable.

Kosice zafi 2012 34
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DIAMOND Cug1( |

b.cc. RARE EARTH

boc ALKALT
METAL CARBIDES

bee TRANSITION METALS

he.p,

[fee METALS

GRAPHITE

ALKALT
HALIDE

INDIUM

OXIDE

TRIGONAL




[DTAMOND CUBIE)
DLIVINE

|TRIEI§]HAL |

ICE

CARBIDE
OXIDES
ARl bs
TETRAGOMAL
ERAPH:TEJ

fez METALS

bicc TRANSITION
hcp

o b ALKALL

bere RAKE METALS
EARTH

15 20 25
Normalised activation energy, G/RT,
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& Gas and Bernardini, 1108 K
m Gas and Bernardini, 1041 K
© Gas and Bernardini, 948 K

X
(2
1

-
x
o
=

— 1

Difuzni koeficient Sn neni
ovlivnén koncentraci Sn —
-14.0 - pouze sloZenim matrice

<
S 15
o
:

-14.5 - Analogicky plati i pro difuzi
4 intersticialnich prvki napfr.
CNH

-15.0 ; | . |
0 002 004 0.06 0.08 0.10
Mole fraction, Sn




Difuze v substitucnich slitinach

Aproximace Skutec¢nost
. (vicefazové
soustavy):
o%go 00 GO0
O . Moy N N
O@O Q0000
ONONCY N N NONO e
Q000 % O - B-NiAl
QOOO0O0OO0YO| Weae .. .

Nigq 7 Algg 3
(NipAly+B)
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Latkove toky v binarni soustave

Latkové toky pres danou

_ Da Dg... intrinsic (vnitfni)
krystalovou rovinu ;

diffusion coeficient, nebo
. také mrizkové (lattice) dif.
0C A Koef.

ax

-'r,:-,. _D.ﬂ-.

Jo = —Dg—

ax
: 9Ca _ _9Co
Plati: C.:] — {r-'lﬁ. €T I':h]:!_ Py 8 ™
Tedy:
iy g N, = D
Ty = —fJ'_.*-L( p {l Obvykle A B
[
Jo = g T To vede k:

Kosice zafi 2012
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0-80 0000
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=/

§plhéni dislokace

Je vyvolana napétovym polem elastickych sil v
miiZce ﬂ

= Vacancies

¢




A LA 4

Vyjadreni rychlosti driftu mrizky

Za casovy okamZzik §; Projdeobjem 4y - &  obsahujici  Av - 3¢ - Cy . atomi

Toto mnozstvi atomu bylo premisténo diky toku vakanci, které prosly rovinou A za &7 : J A - Bt

Proto po dpravich : J. = Cyv LG , - (Da - Dy) ICa

X

Rychlost posuvu mfizky (drift) je v = (D, — D) a‘]f_*" Kde Xa vzniklo jako: X = C,/C,
proto: dx '
Bi difunduje do Au
podstatné rychleji
(za vzniku Au2Bi)

nezli Au do Bi

Méreni driftu mrizky:

NissAlis

M230 1aarm WO 8
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Vliv drifu na mrizkovy tok

Piispévky:  MFizkovy tok J. = —Da 3Ca/ 3%

Zdanlivy tok dany driftem mrizky:
Celkovy tok: aC . 1
= — Dy o vl

Doplnime za zdanlivy tok a ziskame:

- Kde:
. , a[";"'.
_.|”:|5|_ = _'[.-:!fﬁ_f..]'ﬁh 3 X_,.\I]Hj__l

Obdrzime 1. Fickuv zakon ve tvaru:
;L
A ax

interdiffusion coefficient D

(tj. Koeficient vzajemné
difuze)

ox PouZijeme:

'l_.erA

..:lff:,. = E.._.-.h.":c-[] and X‘ﬁ — CH--'III{T:

D= XgD, + XaDg

Kosice zafi 2012

Jy —e =g
g Jpr 226X
C0X
1 2
————C s
X Bx
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Koeficient vzajemne difuze

(Koeficient vzajemné difuze)

Pro
interdiffusion coefficient D _
- aC . o
Jy = —D- % (1) Plati soucasné Iy =~ _ 52Ca T = —J
X dx o :
Spojime-li (1) s \C aJ’
A A Ziskdme 2. Fickiv 5, 5/ aC,)
at ox zakon pro Py = :EL;['D “43 J
substituéni slitiny ' \ *

ve tvaru

kde 5 = XgDs + XaDg
Darkenova rovnice

Pro intersticialni
slitiny (nedochazi k D _
driftu mrizky) a plati:

Pro malé koncentrace Xz Darkenova zavislost u
substitucnich slitin jde k jednoduchému tvaru (viz

interstitialni difuze, tzv. koef stopové difaze).

Pro koncentrované slitiny D, a Dy se méri ze
znalosti driftu za pomoci markROSIce SaF 2012

onginal

interface



D= XgDa + XaDy

D= ﬁuexp—;#
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02 0-4 0-6
Atomic fraction nickel




Kirkendaluv efekt (1947)

Dvojity diftzni par Cu/Cu30Zn ﬁ.n .‘:\
. Mo dratky se pFibliZovaly - S
Molybdenum wires v
- wa 2ol W
Ernest Kirkendall

Vicevrstvy difuzni par Cu/Ni

KIRKENDALL EFFECT
‘ Cu/Ni couple

(Choi, Matlock and Dlson)

Kirkendal CuNi multi couple

Vznik pora (pro zachovani X,,F) -agregade vakanci

Zména tloust’ky prstvy Cu a Ni je
mensi nezli teoreticka

==
20 pm

vvvvvv

{a) l minat 1273 K (b) 15 mnin at 1273 K



Mechanismy anihilace vakanci

Anihilace (vznik lokalnich tlakovych a tahovych napéti, plasticka
lokalni deformace, ...+ dalsi disledky)

Agreface (na necistotach a defektech, vznik péra, neplati
odvozené difuzni rovnice)

Skute¢nost: néco mezi 1l a2

200h 600h 1000h

Zavazné technologické problémy solder
-

100 °C

Kirkendallvoids

125 °C

1Mm
#S,008 16mm

150 °C

750 cyklu teplotniho namahani
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Diskuse
DICTRA a tok vakanci

Analogie s vedenim tepla, numerickeé
reseni difuze a tepla v EXCELU

Thermal Conductivity Rate
(W-K'm)

Thermal Energy
(W)

Temperature,

(K)

Temperature,

(K)

Temperature Difference
AT=T,-T,

K 51



