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Contents for previous class

o Interstitial Diffusion / Substitutional Diffusion

- Steady-state diffusion— Fick’s First Law
=) Concentration varies with position.

- Non-steady-state diffusion: Fick's Second Law 2. Vc’-slcan.cy QIfoS|on. |
= Concentration varies with time and position. > Diffusion in substitutional alloys

1. Self diffusion in pure material

« Atomic Mobility
 Tracer Diffusion in Binary Alloys

« High-Diffusivity Paths
1. Diffusion along Grain Boundaries and Free Surface

2. Diffusion Along Dislocation

 Diffusion in Multiphase Binary Systems



Contents for previous class

DifoSiOh : Movement of atoms to reduce its chemical potential p.
driving force: Reduction of G

Down-hill diffusion movement of atoms from a high Cg region to low Cg region.

Up-hill diffusion movement of atoms from a low Cg region to high Cg region.

Interstitial Diffusion / Substitution Diffusion
- Steady-state diffusion — Fick’s First Law

1 1 oC, oC, :
JB=€FB(”1—”2) (61“ a j ~ g——DB 5

=) Concentration varies with position. (atoms m2s?)
- Nonsteady-state diffusion — Fick’'s Second Law

-------------------------------------

- For random walk in 3 dimensions, o /7(1“1 f(D) _2 4\/_

after n steps of length a

Effect of Temperature on Diffusivity Iog D =log D, —&(1] 3



The section is completed with 4 example solutions to Fick's 2nd law:
carburisation, decarburisation, diffusion across a couple and homogenisation.

The solutions given are as follows:

Process Solution
1zati . ;
Homogenization C=C. 8, sm[E;] Egp[__]
"
C = Mean concentration

mean
b, = Initial concentration amplitude

| = half-wavelength of cells
t = relaxation time

Carburization =0 —(C - C',:,:Ierf[ Eq;{ﬁ]

C, = Surface concentration
C, = Initial bulk concentration

Decarburization

X

oD

C, = Initial bulk concentration

.= Erf[

Diffusion Couple =[C'1+C':]_[C'1-C'g] [ x
i ; > erf W,

C, = Concentration of steel 1
C, = Concentration of steel 2

e —"




Contents for today’s class

Q. Interstitial diffusion vs Substitutional diffusion

1. Self diffusion in pure material
2. Vacancy diffusion
3. Diffusion in substitutional alloys



Interstitial Diffusion / Substitutional Diffusion

- Diffusion in dilute interstitial alloys ~ relatively simple
because the diffusing atoms are always surrounded by vacant sites to which they can
jump whenever they have enough to overcome the energy barrier for migration.

- In substitutional diffusion,

An atom can only jump if there happens to be vacant site at one of the adjacent lattice
positions

—> amenable to a simple atomic model: self-diffusion (249 A7]&4h

Atoms

1. Self diffusion in pure material

The rate of self-diffusion can be measured experimentally by intro- O O O O O O O O
ducing a few radioactive A atoms (A*) into pure A and measuring O O O O O O O O
the rate at which penetration occurs at various temperatures.

Since A* and A atoms are chemically identical their jump frequencies O O O O O O

are almost identical. | O O O O O O O O

Diffusion coefficient most likely to occur back
into the same vacancy
2
* — = — é —_
DA - DA 6 1—‘AO[ DA* — f DA (T : correlation factor)
close to unity
Assumption

. ) The next jump is not equally probable in all directions.
: unrelated to the previous jump



Q. Interstitial diffusion vs Substitutional diffusion

1. Self diffusion in pure material
2. Vacancy diffusion
3. Diffusion in substitutional alloys



Atoms

0000 0000
D000 OOOO

. Probability of vacancy x probability of jump :© ~OO OO O
ke e e e e REEEEEEEEaEeEEEEAEE R EEEEEEAREARREEEAANRRAAREEEEEARRRAAREEEEAARRRARRREEERanrsnneennn e annd ; O Q O O O O O O

What would be the jump frequency in substitutional diffusion?

Substitutional diffusion

1. Self diffusion in pure material

An atom next to a vacancy can make a jump provided

it has enough thermal energy to overcome AG,,.. — exp(-AG/KT)

The probability that an adjacent site is vacant — zZX,
Jump frequency Z= # of nearest neighbours
Cf) I =vz exp B Gm : — In thermodynamic equilibrium,
_ Y RT — ['=vzX, exp 1LY . -AG,,
for interstials ——— RT... )Xy =X =exp—_

. I

D, ==T,a’ Dy = gaz Zv EXp 4Gy + 4Gy )

For most metals: v ~ 1013, fcc metals : z =12, o = a/\/i .

Z=number of nearest neighbors/ v= temperature independent frequency



D, = 12z exp —(AG, +4G,)
6 RT AG =AH —TAS
1 AS_ + AS, AH _ + AH

D, =—a’zvex il exp(— Y
A 605‘/ P p( RT )

Z=number of nearest neighbors/ v= temperature independent frequency

For most metals: v ~ 1013, fccmetals : z=12, & = a/\/i

" “self-diffusion requires the presence of vacancies

~Same with interstitial diffusion except that the activation energy for self-diffusion has an extra term




* interstitial diffusion

Thermally activated process jump frequency I'g?

FB — Zvexp(_ AGm / RT) Z : nearest neighbor sites
v . vibration frequency

AG,, : activation energy for moving

{ AGm :AHm _TASm , Ds :%FBQZ}

D, = EaZZVexp(Asm / R)} exp(—AH_/RT)

T — /

EDB = D,, exp —Qip . (Arrhenius-type equation) ,\‘.\'_.' 7'




Temperature Dependence of Diffusion

—Q
D, =D, exp R'II'D

How to determine Q,
experimentally?

log D

==p Therefore, from the slope
of the D-curve in an log D vs
1/T coordinate, the activation
energy may be found.

|
1/T

Fig. 2.7 The slope of log D v. 1/T gives the activation energy for diffusion Q. 1



Experimental Determination of D

- Deposit a known quantity (M) oC, 0°C, (2.18)
of a radioactive isotope A* ot =Dy _8X2 '

] Thin layer of Au*
1) Solution for /

the infinite boundary condition Q Gold crystal ‘ Gold crystal O

M X .
C — eXp(——) 1.0 1
2'\/ 7ZDt 4Dt £ *3 0.8 | :
M : quantity-m2/ C : quantity-m-3 %%0,6 - i
% % 0.4 | :
2) Solution for the semi-infinite B.C.u_% Zoal !
2M N |
0

2
X 0 — 1 1 1
C = —exp(— —) -15 -12 -09 -0.6 -03 03 06 09 12 15

\/ﬁ 4Dt (b) Distance, % mm

(b) Distribution of Au* after diffusion for 100h at 920°C

12



Table 2.2 Experimental Data for Substitutional Self-Diffusion
in Pure Metals at Atmospheric Pressure

Dy o o QIT.n}
Class Metal T (K) {mm* s %) (k] mol™) RTnu [|.u:|1 5
bec (rare carths) :  &-Pu 914 03 657 - 87 :

I 8Ce 1071 12 900 i 101 ; 49
llllllllllllllllll - w-['a 1193 1-3 1[12_6 E 10-4 E 42
................... ¥Yb 1796 12 1210 i, 81, 3600
bec (alkali metalsf ~ Rb 312 23 94 : 152 : 58
.................. Pk w o s fusi 1

Na 371 24.2 38 i 142: 16
................... Li 454 23 553 1 147 D 99
 bec (transition | B-T1 577 40 946 i 197.F 011
metals) : crreeeas .
------------------ - Eu 1095 100 1435 E 1535 14
Er 1795 451 3024 1 203 : 0.71
a-Fe® 1811 200 2397 1159 : 2
&-Fe® 1811 190 2385 1 158 : 26
B-Ti 1933 109 2512 ¢ 156 : 18
B—Zp 2125 134 2735 1 155 i 25
Cr 2130 20 3086 1 174 : 0.54
v 2163 28 8 3092 i 172 097
Nb 2741 1240 496 i 193 : 52
Mo 2890 180 4606 192 : 0.84
Ta 3269 124 4133 1152 % 31
ennrnaeraa w 3683 4280 6410 i 209 : 34
 hep® cd 594 lc5 762 1 154 : 0.99
S S L e10 29 o162 094
Zn 692 |13 916 @ 159 16
Lec18 %2  : 167 0.98
Mg 922 e 100 1347 176 23
R L¢150 1360 5, J7B., 29
 fec Pb 601 137 1091 1218 : 0.045
S Al 933 170 1420 153 19
Ag 1234 40 1846 18.0 061
Au 1336 107 176.9 159 13
Cu 1356 31 2003 17.8 0.59
Ni 1726 190 2797 195 0.65

For a given structure and bond type,
Q/RT Is roughly constant;
—) Q is roughly proportionalto T,

Within each class, D(T,,) and D,
are approximately constants.

Most close-packed metals

ex) for fcc and hcp, Q/RT,, ~ 18 and
D(T,) ~ 1 um2s?t (1012 m2st)

log D, 1

~.

log D

Y

T

For a given structure and bond type,
D(T/T,_,) ~ constant

T/T,, : homologous temperature

13



* Melting point diffusivities for various classes of materials:

: The diffusion coefficients of all materials with a given crystal structure and bond type will be

approximately the same at the same fraction of their melting temperature, i.e. D(7/7,) = const.

increases T, and thereby lowers the diffusivity at a given temperature.

1. Within each class, D(T,,) ~ approximately constants.

: Since volume usually increases on melting (7,,), raising the pressure

bee rare earth

bee alkali
Metal carbides
bee transition metals
hep
foec metals
Graphite
Alkali
lides
Indium
Oxide
Trigonal
lce
Diamond cubic
| | | | | | | |
1016 10715 10714 10713 10712 10~1 10710 1072

(a)

Melting point diffusivity, D(T,,)/m? s

14




For a given structure and bond type, Q/RT,, is roughly constant;

: Q and T, exhibit rough linear correlation because increasing the interatomic bond strength

makes the process of melting more difficult; that is, T, is raised.
It also makes diffusion more difficult by increasing AH_, & AH,.

| Diamond cubic

| Olivine

Trigonal

Ice

Carbides
| Oxides |
Alkali
halides
Tetragonal
Graphite
fce metals

bcce transition

hcp

o bee alkali

bce rare metals

[ I | I

10 15 20 25
(b) Normalized activation energy, Q/RT,

30 35

15




Consider the effect of temperature on self-diffusion in Cu:

ex) At 800°C, D= 5 x 10° mm2sL, a=0.25nm [, 1?
[, =5x10°jumps s™

After an hour, diffusion distance (x)? +/Dt ~4um

log Dy, i N

How do we determine D, -

Slope =
at low temperature such as 20°C? jog \\m

Hint) From the data in Table 2.2,
how do we estimate D, at 20°C?

ur

Fig. 2.7 The slope of log D v. 1/T gives
the activation energy for diffusion Q.

At 20°C, D~ 10-3 mm2s-1 I'., ~10°jumps s™

— Each atom would make one jump every 10'? years! 16



Q. Interstitial diffusion vs Substitutional diffusion

1. Self diffusion in pure material
2. Vacancy diffusion
3. Diffusion in substitutional alloys

17



Atoms

All the surrounding atoms are possible QOO0 QOOO)
surrounding S POSSi
jump sites of a vacancy, which is analogous O O OO O O OO

to interstitial diffusion. O POO OO O
OO00O OO0

2. Vacancy diffusion

Vacancies

Comparing D, with the self-diffusion coefficient of A, D,4,

----------------------------------

This shows in fact that the diffusivity of vacancy (D) is many orders

of magnitude greater than the diffusivity of substitutional atoms (D,).
18




Q: lefusmn in substltutlonal alloys?

"""\]".é":.:.\.jl:’;\" aCA _ a (BaCAj
............................ ot OX OX
~oC. ~oCc,  LLLLONLLSL
3y =3,+3=-DEA 5
A TADTA OX Ox
3y =y +3y=—D %8 _ 5%
OX )¢

Fick’s 1%t law for substitutional alloy  Fick’s 2" law for substitutional alloy

19
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3. Diffusion in substitutional alloys i _ax(D PW j
A%]_K]'/B%]_X]-Q_] }\o]_ii'}ﬂ_% %6,:]_' ax}@g‘] 0]%_1__’.3] ......... ~.
I @ : D=X,D,+X,D, -
5 3 =J,+34=J,+vC, =—D—A
Att:O, :. ...i" .‘. A A A A OX
© 09 0o " ", Jr @ :
@0 @ o o © _9 A
®o o @ ® .0 2" AR oA gt o]t g4
o 00%0® o o @°
® ® . ’ ® JVA .................. -4—‘
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N :
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®e 00 o000 ® : " ~ 0Cq
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’ r:
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3. Diffusion in substitutional alloys

* During self-diffusion, all atoms are chemically identical.
: probability of finding a vacancy and jumping into the vacancy ~ equal

* In binary substitutional alloys, each atomic species must be
given its own intrinsic diffusion coefficient D, or D;.

JA. >
Att=0, |90 @eg0. o oo
©% o " ° "
0o %0 e® ®o0
) .’... @ ® e®
g © ®
.. 0®e® o oo
Jy O—- ® J;
® 0 :
o0 O : 00 @ Kirkendall effect
0® O: o o® Creation/destruction of vacancies
@ @ o @O
o ©0-:0 4 Lo
e © 6O o o

Whole planes of atoms will be ‘eaten’ away Extra atomic planes will be introduced

@ g | is accomplished by dislocation climb.

21



3. Diffusion in substitutional alloys

* During self-diffusion, all atoms are chemically identical.
: probability of finding a vacancy and jumping into the vacancy ~ equal

* In binary substitutional alloys, each atomic species must be
given its own intrinsic diffusion coefficient D, or D;.

JA. >
Att=0, |90 @eg0. o oo
© 0g o "0 O
0o %0 g0 ®g0
® o’.’: 5“ o ©°
®
o 020°% o oo
Jy O @ J;
Att=t,, :::" 0 ‘.o‘ 00O
® o .C.Di O’ .. @ Kirkendall effect
@ . @ @
‘. 0o® 0: 0@ ® “ ..0 ® | Creation/destruction of vacancies
o 00 0 40 .
o © © o O

Whole planes of atoms will be ‘eaten’ away Extra atomic planes will be introduced

@ g | is accomplished by dislocation climb.

22



3. Diffusion in substitutional alloys S — E

. e s . . . :0C, _ 0 (z0C,
* During self-diffusion, all atoms are chemically identical. = D
: probability of finding a vacancy and jumping into the vacancy ~ equal __8t ________ 8)( __________ GX ______
* In binary substitutional alloys, each atomic species must be D= X D, + X ,D,
given its own intrinsic diffusion coefficient D, or D;.
) =3,+3=-D%n
‘]A ® R A A A ox
Att =0, .:’...:E... o ©®O
) J ) «—Q
0o %o %00 | ¥ Y
o ¢2%0® o 4 o° P ;
® ® g © ® A
o %0 o ©0 4 :
rareeneenens BERER = A
‘]V Q-+ < () ‘JB — @ JVB
o0 o —e J
Att = ® ® @ @ ® @
tt=1, ®9 0 : o QO... , ; ~ oC
® g0 o "o © _°© Jg=Jg+Jg=-D—"
@ ® ® @ ® @ ® OX
) @ © ® @ o0 .. .............................
@ ®: O ® @ N A U
oo o o 000 ® e
23

Whole planes of atoms will be ‘eaten’ away Extra atomic planes will be introduced



1) INTERDIFFUSION

Assume that C,: total number of atoms (A, B) per unit volume = constant, independent of composition

oC oC * If the couple is annealed at a high enough temp.,
C,=C,+C; and A=_—"8 a concentration profile will develop as shown.
OX OX A
N
Fluxes of A and B atoms Ta 0
across a given lattice plane ~ equal T
...................................................... é..c.:uu..uuu..ué.cu:"u: XA A XH-
. OX__ i OX OX
--------------------------------------------------------------------- G 1
Due to the difference in diffusivities, ] ] ;4 |
a flux difference is created. | A| > | B| (b)

Flux of vacancies

Jy=>da=-ds Jg—>ds=-J4 °
J,+ J, =-J, '
J, = -J,—J; (anetflux of vacancies)
- (0,-Dy) 22 30, Co_p, L 2
e OX . S



Atoms

OO0 O000
OO000 OOOO
O roo 00 O
OO000 O0OOO

seelie:

o- /

-

.o

o0

@

Flux of vacancies
J, = JV,A =-J,

Fig. 2.16 The jumping of atoms in one

o 060 oo

direction can

-

Vacancies

oo

be considered as the jumping of vacancies

in the ot

her

direction

25



J, = —J,—J; (anet flux of vacancies
v =3 (ac b oc, . #Cy : 0
= (D, —Dg)—2 NG .
(D, 5) X ot OX T [
Xa A I B Xp
oC 0J |
- =——"YVS. X? | ll
ot OX @ !
What would become of
excess Vacancy?
|
oC, /ot =0, 1 ox (Fig. 2. 15¢) v |
Vacancies :
ac a7 * must be : I‘
aC 8J g‘v’ . _a_; destroyed |
cf) 2= ——=5 + :
ot OX 0 /\\/ prg—
- Vacancies
must be
(c) created
In order to maintain the vacancy concentration everywhere near equilibrium,
vacancies must be created on the B-rich side and destroyed on the A-rich side. o6

* Net flux of vacancies across the middle of the diffusion couple — “Movement of lattice”



000000
8000000
DOO0OO0O0O
000000
000 OO0
500000

HOO000

(a)

Kirkendall effect

Creation/destruction of vacancies
is accomplished by dislocation climb.

e
o\
1

A—

Jogged edge dislocg#tns
Hyld dE29 ¥
“rd
v
A convenient Source or Sink

for vacancies
(c)

If dislocation climbs continue to occur, what would happen?

lllllllllllllllllllllllll
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-

x=0

Whole planes of atoms will be ‘eaten’ away  Extra atomic planes will be introduced
Fig. 2.18 A flux of vacancies causes the atomic planes to move through the specimen.

2) velocity of the movement of the lattice planeis related to the net
flux of vacancies across the middle of the diffusion couple, such that

# of removed atoms # of vacancies 1 ‘ aC :
A

crossing the plane V= _(DA _ DB)—: (DA _ DB)—

E-u--u--u-u--u-u--u--u-u-i 28
X2 mole fraction of A atoms, v: marker velocity (velocity of the lattice plane)



In practice, internal movement of lattice planes are usually not
directly of interest. More practical questions concern how long
homogenization of an alloy takes, or how rapidly the composition
will change at a fixed position relative to the ends of a specimen.

(@R3} A7t 52 sHabge] 9j]o whe £ Ws})
=) Derivation of the Fick’s 2"d law for substitutional alloys
total flux of A atoms
Jh — — leaving
teri : 9/ A
entering Th+ = Sx 6CA 6\J"A\
ot OX
© @
P
X Ox

Fig. 2.19 Derivation of Fick’s second law for interdiffusion. (See text for details.)

J’, [ total flux of A atoms across a stationary plane with respect to the specimen

29



3) Derivation of the Fick’s 2nd law for substitutional alloys

J’ 5 : total flux of A atoms across a stationary plane
with respect to the specimen oc,  al,
ot OX o —
A Diffusive flux due to diffusion relative to the lattice + Ji+ aafi\ Sx
i Aflux due to the velocity of the lattice "
J;=§JA§+§vC o
................. . .
—D, +VC 3 - X,=C,/C,
=—(XgD,+ XADB)a—XA Fick’s 1%t law for substitutional alloy
~ 0C, ~ ~0C, <0C
__po D=X,D,+X,D, Ji = A
OX 8x OX
(Darken’s equation, interdiffusion coefficient)
ot  ox\'" OX )i Fick’s 2 law for substitutional alloy h atB ox>
Only difference with ID
©J e —J 4 : diffusion coefficient
VB A

30



Q: How can we determine D, and Dg?

in substitutional alloys?

By measuring velocity of a lattice (v) and interdiffusion coefficient ([~))

59 X ~
% :(DB_DA) O E :> D:XBDA+XADB

EVZ(DA —Dy)

31



The interdiffusion coefficient (D) can be experimentally measured by
determining the variation of X, and Xg after annealing a diffusion couple.

How can we determine D, and Dg? v=(D,—D;)—==(Dy-D,)

When the velocity of a lattice (v) and interdiffusion coefficient (D) are
known, D, and Dg for the composition at the markers can be calculated.

How can we determine the velocity of a lattice (v)?

Molybdenum wires

/

{ endlas

o Brass

S

$ 0 0900 O
Copper

The displacement of wires during diffusion was
first observed by Smigelskas and Kirkendall in
1947 and is usually known as the Kirkendall effect.

—— Creation/destruction of vacancies is
accomplished by dislocation climb.

DZn > I:)Cu

After annealing at a high temperature, it was found
that the separation of the markers (w) had decreased.3?



The relationship between
the various diffusion coefficients
in the Cu-Ni system at 1273 K.

Atoms with the lower melting point

possess a higher D.

Dcy, Dyir (D)are all composition
dependent, increasing as X,
increases.

Log (diffusion coefficient, m? s71)

Dy, Diffusivity of radioactive Cu

-13
Diffusivity obtained by marker
velocity in diffusion couple

-16 | ] | ]
Cu 0.2 0.4 0.6 0.8 33 Ni
1356 K Atomic fraction nickel 1453 K



* In concentrated alloys, the experimentally determined values
of D, D, and Dg are also found to show the same form of
temperature dependence.

Variation of D with composition:

~

* For a given crystal structure, D at T, is roughly constant.
Therefore if adding B to A decreases T,,, D will increase at a given
temperature, and vice verse.

* For both interstitial and substitutional alloys, diffusion is more rapid
In bcc (0.68) than in a close-packed lattice (FCC~0.74).

o, Ferrite Y, Austenite

EX) diffusion of carbon in Fe at 1183 K, DZ /DL ~100
Self-diffusion coefficients for Fe at 1133 K, D¢, /D[, ~100

mm) BCC_more open and less lattice distortion 34



4) Diffusion in dilute substitutional alloy

For Dilute Substitutional Alloys |f X,~1 D= DBE

The rate of homogenization in dilute aIons is controlled by
how fast the solute (B) atoms can diffuse.

In this case, Dg is called ‘impurity diffusion coefficient'.
~ can be measured by using radioactive tracers like self-diffusion

* Dg in a dilute solution of B in A is greater than D,.

°* The reason for this is that the solute atoms can attract vacancies so
that there is more than a random probability of finding a vacancy next

to a solute atom with the result that they can diffuse faster than solvent.

e This is caused by the larger size or higher valency of the B atoms
compared to those of A atoms.

e If the binding energy is very large, the vacancy will be unable to estape
from the solute atom. In this case the solute-vacancy pair can diffuse
through the lattice together.




The relationship between
the various diffusion coefficients
in the Cu-Ni system at 1273 K.

Atoms with the lower melting point
possess a higher D.

Dcy, Dy (D)are all composition
dependent, increasing as X,
Increases.

* Concentration of A & B at any x aftert

Log (diffusion coefficient, m? s71)

|:> By solving (2.53) with appropriate BCs,
— Possible to obtain C, (x, t) and Cj (x,t)

|:> Characteristic relaxation time for an
Homogenization anneal
I 2
>— 1 :relaxation time
T D

T =

(The range of composition is small enough that
any effect of composition on _5 can be ignored)

-13

—15¢

T =TT
Temperature ("C)

EDNi (Xcu = 1)
—Impurity
—diffusion coetficient

Dy, Diffusivity of radioactive Cu

Diffusivity obtained by marker
velocity in diffusion couple

ure (*F)

Temperat:

2000

IS (S R S R SR
40

60 100

_ 16 Cu) (:omposmon (wt% Ni) . (N) I l
Cu 0.2 0.4 0.6 0.8 Ni
1356 K 1453 K

Atomic fraction nickel



Contents for today’s class

o Substitution Diffusion

1. Self diffusion in pure material (by radioactive element)

Probability of vacancy x probability of jump

1 —(AG,, + AG ) Q<o

‘D, = —a’zvex D =D, exp(—

SR AR - S B ORI
Qo =AH_ +AH,




% 2HAtol A Fick] WAl 149 AXAS £ 0|5

---------------------------------------

ad L4 .
: : : : : :0C, O BaCA
3. Ditfusion in substitutional alloys 75 =5, " 5 J:
: A%x]—/B%x]—q Aol'ii._]"ﬂ‘% %_6]:]: Zﬂlx]-@gl 0]%_ _]__’.31 lllllllll : lllllllllllllllllllllllllllll
I @ : D=X,D,+X,D, -
- ' A ~
At t =0, ’. ... ® ° o JAZJA+\]V_JA+VCA__D aXA
©0 09 ¢ %0 © J ~
@0 O o ©® _2 A® '
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The relationship between
the various diffusion coefficients
in the Cu-Ni system at 1273 K.

Atoms with the lower melting point
possess a higher D.

Dcy, Dy (D)are all composition
dependent, increasing as X,
Increases.

* Concentration of A & B at any x aftert

Log (diffusion coefficient, m? s71)

|:> By solving (2.53) with appropriate BCs,
— Possible to obtain C, (x, t) and Cj (x,t)

|:> Characteristic relaxation time for an
Homogenization anneal
I 2
>— 1 :relaxation time
T D

T =

(The range of composition is small enough that
any effect of composition on _5 can be ignored)

-13

—15¢

T =TT
Temperature ("C)

EDNi (Xcu = 1)
—Impurity
—diffusion coetficient

Dy, Diffusivity of radioactive Cu

Diffusivity obtained by marker
velocity in diffusion couple

ure (*F)

Temperat:

2000

IS (S R S R SR
40

60 100

_ 16 Cu) (:omposmon (wt% Ni) . (N) I l
Cu 0.2 0.4 0.6 0.8 Ni
1356 K 1453 K
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Contents for previous class

o Substitution Diffusion

1. Self diffusion in pure material (by radioactive element)

Probability of vacancy x probability of jump

1 Z(AG,, ¥ AG): 0
D, =—a°zvex .D—Dex—SD
Drzge 2o pr . DamDoex P R.I...).
2. Vacancy diffusion Qi =AH,, +AH,




Q: lefusmn in substltutlonal alloys?

"""\]".é":.:.\.jl:’;\" aCA _ a (BaCAj
............................ ot OX OX
~oC. ~oCc,  LLLLONLLSL
3y =3,+3=-DEA 5
A TADTA OX Ox
3y =y +3y=—D %8 _ 5%
OX )¢

Fick’s 1%t law for substitutional alloy  Fick’s 2" law for substitutional alloy



X1018] shAto]| A Ficke] WAl 1A= AxIHo] o] = 13 P PP
' ' : ' - tOn _ st N E
3. Diffusion in substitutional alloys i _ax(D PW j
A%]_K]'/B%]_X]-Q_] }\o]_ii'}ﬂ_% %6,:]_' ax}@g‘] 0]%_1__’.3] ......... ~.
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5 3 =J,+34=J,+vC, =—D—A
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1) INTERDIFFUSION

Assume that C,: total number of atoms (A, B) per unit volume = constant, independent of composition

oC oC * If the couple is annealed at a high enough temp.,
C,=C,+C; and A=_—"8 a concentration profile will develop as shown.
OX OX A
N
Fluxes of A and B atoms Ta 0
across a given lattice plane ~ equal T
...................................................... é..c.:uu..uuu..ué.cu:"u: XA A XH-
. OX__ i OX OX
--------------------------------------------------------------------- G 1
Due to the difference in diffusivities, ] ] ;4 |
a flux difference is created. | A| > | B| (b)

Flux of vacancies

Jy=>da=-ds Jg—>ds=-J4 °
J,+ J, =-J, '
J, = -J,—J; (anetflux of vacancies)
:E(DA_DB)GCA +J. =-D Cg _y Ca 5
e OX . S



Atoms

OO0 O000
OO000 OOOO
O roo 00 O
OO000 O0OOO

seelie:

o- /

-

.o

o0

@

Flux of vacancies
J, = JV,A =-J,

Fig. 2.16 The jumping of atoms in one

o 060 oo

direction can

-

Vacancies

oo

be considered as the jumping of vacancies

in the ot

her

direction

6



J, = —J,—J; (anetflux of vacancies) o ach 1 P o
- (DA-DB)aCA ot ° ox? i i
OX :
Xy | A B | Xp
o0C 0J |
V—=——Yys Xx? | l1
ot OX ® :

What would become of
excess vacancy?

(b)

oC, lot=-0ad, Iox (Fig. 2. 15c)

Vacancies
must be
destroyed

) \/x_p

Vacancies
must be
created

oCy
ot

o o
83, .2

OX 0

cf)

(c)
In order to maintain the vacancy concentration everywhere near equilibrium,
vacancies must be created on the B-rich side and destroyed on the A-rich side. 7
* Net flux of vacancies across the middle of the diffusion couple — “Movement of lattice”




000000
8000000
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000000
000 OO0
500000

HOO000

(a)

Kirkendall effect

Creation/destruction of vacancies
is accomplished by dislocation climb.

e
o\
1

A—

Jogged edge dislocg#tns
Hyld dE29 ¥
“rd
v
A convenient Source or Sink

for vacancies
(c)

If dislocation climbs continue to occur, what would happen?

lllllllllllllllllllllllll

*Homework 3 : Kirkendall effect?

8



-

x=0

Whole planes of atoms will be ‘eaten’ away  Extra atomic planes will be introduced
Fig. 2.18 A flux of vacancies causes the atomic planes to move through the specimen.

2) velocity of the movement of the lattice planeis related to the net
flux of vacancies across the middle of the diffusion couple, such that

# of removed atoms # of vacancies 1 ‘ aC :
A

crossing the plane V= _(DA _ DB)—: (DA _ DB)—

X2 mole fraction of A atoms, v: marker velocity (velocity of the lattice plane)



In practice, internal movement of lattice planes are usually not
directly of interest. More practical questions concern how long
homogenization of an alloy takes, or how rapidly the composition
will change at a fixed position relative to the ends of a specimen.

(@R3} A7t 52 sHabge] 9j]o whe £ Ws})
=) Derivation of the Fick’s 2"d law for substitutional alloys
total flux of A atoms
Jh — — leaving
teri : 9/ A
entering Th+ = Sx 6CA 6\J"A\
ot OX
© @
P
X Ox

Fig. 2.19 Derivation of Fick’s second law for interdiffusion. (See text for details.)

J’, [ total flux of A atoms across a stationary plane with respect to the specimen

10



3) Derivation of the Fick’s 2nd law for substitutional alloys

J’ 5 : total flux of A atoms across a stationary plane
with respect to the specimen oc,  al,
ot OX o —
A Diffusive flux due to diffusion relative to the lattice + Ji+ aafi\ Sx
i Aflux due to the velocity of the lattice "
J;=§JA§+§vC o
................. . .
—D, +VC 3 - X,=C,/C,
=—(XgD,+ XADB)a—XA Fick’s 1%t law for substitutional alloy
~ 0C, ~ ~0C, <0C
__po D=X,D,+X,D, Ji = A
OX 8x OX
(Darken’s equation, interdiffusion coefficient)
ot  ox\'" OX )i Fick’s 2 law for substitutional alloy h atB ox>
Only difference with ID
©J e —J 4 : diffusion coefficient
VB A

11



Q: How can we determine D, and Dg?

in substitutional alloys?

By measuring velocity of a lattice (v) and interdiffusion coefficient ([~))

59 X ~
% :(DB_DA) O E :> D:XBDA+XADB

EVZ(DA —Dy)

12



The interdiffusion coefficient (D) can be experimentally measured by
determining the variation of X, and Xg after annealing a diffusion couple.

How can we determine D, and Dg? v=(D,—D;)—==(Dy-D,)

When the velocity of a lattice (v) and interdiffusion coefficient (D) are
known, D, and Dg for the composition at the markers can be calculated.

How can we determine the velocity of a lattice (v)?

Molybdenum wires

/

{ endlas

o Brass

S

$ 0 0900 O
Copper

The displacement of wires during diffusion was
first observed by Smigelskas and Kirkendall in
1947 and is usually known as the Kirkendall effect.

—— Creation/destruction of vacancies is
accomplished by dislocation climb.

DZn > I:)Cu

After annealing at a high temperature, it was found
that the separation of the markers (w) had decreased. 13



The relationship between
the various diffusion coefficients
in the Cu-Ni system at 1273 K.

Atoms with the lower melting point

possess a higher D.

Dcy, Dyir (D)are all composition
dependent, increasing as X,
increases.

Log (diffusion coefficient, m? s71)

Dy, Diffusivity of radioactive Cu

-13
Diffusivity obtained by marker
velocity in diffusion couple

-16 | ] | ]
Cu 0.2 0.4 0.6 0.8 14 Ni
1356 K Atomic fraction nickel 1453 K



* In concentrated alloys, the experimentally determined values
of D, D, and Dg are also found to show the same form of
temperature dependence.

Variation of D with composition:

~

* For a given crystal structure, D at T, is roughly constant.
Therefore if adding B to A decreases T,,, D will increase at a given
temperature, and vice verse.

* For both interstitial and substitutional alloys, diffusion is more rapid
In bcc (0.68) than in a close-packed lattice (FCC~0.74).

o, Ferrite Y, Austenite

EX) diffusion of carbon in Fe at 1183 K, DZ /DL ~100
Self-diffusion coefficients for Fe at 1133 K, D¢, /D[, ~100

mm) BCC_more open and less lattice distortion 15



4) Diffusion in dilute substitutional alloy

For Dilute Substitutional Alloys |f X,~1 D= DBE

The rate of homogenization in dilute aIons is controlled by
how fast the solute (B) atoms can diffuse.

In this case, Dg is called ‘impurity diffusion coefficient'.
~ can be measured by using radioactive tracers like self-diffusion

* Dg in a dilute solution of B in A is greater than D,.

°* The reason for this is that the solute atoms can attract vacancies so
that there is more than a random probability of finding a vacancy next

to a solute atom with the result that they can diffuse faster than solvent.

e This is caused by the larger size or higher valency of the B atoms
compared to those of A atoms.

e If the binding energy is very large, the vacancy will be unable to es@ape
from the solute atom. In this case the solute-vacancy pair can diffuse
through the lattice together.




The relationship between
the various diffusion coefficients
in the Cu-Ni system at 1273 K.

Atoms with the lower melting point
possess a higher D.

Dcy, Dy (D)are all composition
dependent, increasing as X,
Increases.

* Concentration of A & B at any x aftert

Log (diffusion coefficient, m? s71)

|:> By solving (2.53) with appropriate BCs,
— Possible to obtain C, (x, t) and Cj (x,t)

|:> Characteristic relaxation time for an
Homogenization anneal
I 2
>— 1 :relaxation time
T D

T =

(The range of composition is small enough that
any effect of composition on _5 can be ignored)

-13

—15¢

T =TT
Temperature ("C)

EDNi (Xcu = 1)
—Impurity
—diffusion coetficient

Dy, Diffusivity of radioactive Cu

Diffusivity obtained by marker
velocity in diffusion couple

ure (*F)

Temperat:

2000

IS (S R S R SR
40

60 100

_ 16 Cu) (:omposmon (wt% Ni) . (N) I l
Cu 0.2 0.4 0.6 0.8 Ni
1356 K 1453 K

Atomic fraction nickel



Contents for today’s class

« Interstitial Diffusion /

Atomic Mobility

 Tracer Diffusion in Binary Alloys

« High-Diffusivity Paths
1. Diffusion along Grain Boundaries and Free Surface

2. Diffusion Along Dislocation

« Diffusion in Multiphase Binary Systems

18



Q: How the mobility of an atom is
related to its diffusion coefficient?

Thermodynamic factor

(Dy)=MRTF F=(1+§|':>7<B)

B

19



2.4 Atomic mobility

* Fick’s first law: assume that diffusion eventually stops when the concentration

is the same everywhere — never true in practice due to lattice defect
(&=l a2)

o Higher concentrations in the vicinity of the “defect”
— Diffusion in the vicinity of these defects is affected by both the concentration
gradient and the gradient of the interaction energy.(Z2&ut9] 4358 o x]e] Fuf)

—> Fick’s law alone ~ insufficient
to describe how to concentration will vary with distance and time.

e.g. Too big or too small solute atom

— relatively high potential energy due to the “strain” in the surrounding matrix

— However, this strain energy can be reduced if the atom is located in a position
where it better matches the space available, i.e., near dislocations and in
boundaries, where the matrix is already distorted.

20



2.4 Atomic mobility

* “Segregation” of atoms occur at crystal defects where the strain energy can be reduced.
Segregation causes problems like temper embrittlement and dynamic strain aging.
Fundamental kinetics of phase transformation are also affected by segregation.

> The problem of atom migration can be solved by considering the thermodynamic
condition for equilibrium; namely that the chemical potential of an atom must be
the same everywhere. In general the 1) flux of atoms at any point in the lattice is
proportional to the chemical potential gradient: diffusion occurs down the slope
of the chemical potential. Fick’s first law is merely a special case J —_p. 9
of this more general approach. (“previous approach”) ’ ° ox

FEMT 220 oftt = EREL

J —V.C 2) A diffusion flux~ a net drift velocity superimposed on the
i..B....B 2} random jumping motion of each diffusing atom,

: remove differences in chemical potential o chemical potential gradient

Oldg _ Otle

: oX
eeeesseraerssesaneanens 6X “Mg”: mobility of B atoms, a constant of proportionality

- (D chemical force causing atom to migrate

: How the mobility of an atom is
ox related to its diffusion coefficient?  2j



Relationship between Mgz and Dg

llllllllllllllllllll

|

Vi Kp o 0In Xg " OX
— M RTF e __p_ e
OX OX

D, = M, RTF

For ideal or dilute solutions,
near Xg = 0, yg = const. with respect to Xz

ag

1 s 7
T //‘3 S F=1
/ 1 ‘s\‘f‘
i Dy = MRT
Henry's law B B

N : alny8+8|nx

(@Ato] 5= ot ARIEAA S7F TA)
Uy =Gz +RT Ina; =G5 +RT Iny; X,

f%;;; (G°+RTIny, X,)
e

OX :

=RT( ~ =)
olny, )aln Xa
oln Xy, " oX

= RT(1+

2
F 1+d|n7/A _ 1+d|n)/B :XAXBd(-:;
dinX, din X, RT dX

For non-ideal concentrated solutions,
thermodynamic factor (F) must be included.

Related to the curvature of the molar

free energy-composition curve.
22



Additional Thermodynamic Relationships for Binary Solutions

The Gibbs-Duhem Equation waz3e riasst @)z ag stermagel ol2usidy) & A

be able to calculate the change in chemical potential (du) that result from a
change in alloy composition (dX).

rd(Hp—pa)

Gibbs-Duhem equation
for a binary solution

Xdy,+Xdyp, =0

dG
HB— Ha= m
—dHA{
Comparing two similar triangles,
auy, _ ditg _ d( g — H4) — dG _ ug— My d2G/dX2
Xo o Xao o dXy .1 . 0°G/dXg?=d?G/dX,?
Substituting right side Eq : de :
& Multiply X, X, _Xﬁdﬂﬁ =XBdﬂB =XAXBEGLXB Eq. 1.65

“ Gibbs-Duhem Equation . S — :

Xa, Xg Vs. du,, d 2
A AB Ha, Al Y X dG:RT 1+ diny, _rT )14 dlny,
Ya YB ) X X

dp, dp




@ The diffusive flux is also affected by the gradient of strain energy, JE/ox.
HY £ IS S0 FE

Ex) The expression for the chemical potential can be modified to include
the effect of an “elastic strain energy term”, E depends on the position
(x) relative to a dislocation.

15 =Gy +RTINy X, +E. = J --D,

Concentration gradient & strain E gradlent

3 Atoms diffusing towards regions of high concentration can be found

a. when diffusion occurs in the presence of an electric field or
a temperature gradient.

b. when the free energy curve has a negative curvature, which is
known as spinodal decomposition.

24



Q: How does D*,, differ from D, ?

Tracer diffusion coefficient Intrinsic diffusion coefficients

D*,, gives the rate at which Au* (or Au) atoms diffuse in a
chemically homogeneous alloy, whereas D,, gives the
diffusion rate of Au when concentration gradient is present.

Thermodynamic factor

NN NN NN NN NN NN NN EEEE NN NN NSNS NN NSNS EEENENEENEENENEENEENENEEEEEEEEEEEEEEEEE " B

25
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2.5 Tracer diffusion in binary alloys

1) Au* in Au or Au/X alloy

/—Thin layer of Au®

l

Gold crystal ‘ Gold crystal ()

(@)

S 2 e =
= o o =

Relative concentration
of radioactive gold, Au®
I
(3%

G

0
-1.5 -12 -09 -06 -03

|
|
|
|
|
|
|
|
|
|
|
|
0

03 06 09 12 15

Distance, x, mm

2) Au* in Au-Ni

Au 02 04 06 08 Ni

exp(—

Tracer diffusion coefficient (D",,) in pure metal
& Intrinsic diffusion coefficients (D,,) in an alloy
. possible to determine by radioactive tracers

X2

o) > D= D", (tracer diffusion coefficient)

How does D, differ from D, ?
FAA}L A AR EofehEo] REUFlA 4
D*,, gives the rate at which Au* (or Au) atoms
diffuse in a chemically homogeneous alloy,
whereas D, , gives the diffusion rate of Au
when concentration gradient is present.
A5 A DALY R okEhE H o] 9

If concentration gradlent exhibit,

AHmlx >0 _)'D < DAu DN| < DNi
Au-Ni: ‘dislike’ each othey ~=~""""""""==*‘=TTTTTTmmmmmos

the rate of homogenization will therefore be slower.
Ex) Probability for the jumps made by Au atoms

in Ni-rich regions ﬂ - “slower diffusivity” op



D*versus [D: On the other hand,

Since the chemical potential gradient is the driving force for diffusion in
both types of experiment, it is reasonable to suppose that the atomic

mobility are not affected by the concentration gradient. (M*=M)

What would be the relation between the intrinsic chemical diffusivities Dg

. L . 5
and tracer diffusivities D*; in binary alloys~ = xIx} o1 40| B2k ). KS

In the tracer diffusion experiment, the tracer essentially forms a dilute solution in the alloy.

——— ' dn )
D =M,RT =M,RT | 4= D,=MRT {1+d|nXB}_FMBRT

D =FD: F : Thermodynamic Factor
A A T TSRO
D, =FD,: =% D=X,D,+X,D; =F (XD, +X,D;)
Additional Thermodynamic Relationships for Binary Solution:
Variation of chemical potential (dp) by change of alloy compositions (dX)
Eq.(1.71)
2
X, X, 98 _RT 14 A7 | _ gy g, AIN7e
dX dinX, din X,

diny diny. | X,X. d°G:
F=q1+—2 =41+ 8 L=—~AFB :
md { } { dInXB} RT dx?i 7



D' fm?s7!

2.5 Tracer dlffusmn In binary alloys

*C

1400

1200

1000

10-14

10—15

10716 L

(c)

.. Au Ni
ST < T,

Strongly

composition dIependent
1 [l 1

Au 02 04 06

Xni

0.8

Ni

05k

Ni

Fig. 2.22 Inter-diffusion in Au-Ni alloys at
: 900°C (a) Au-Ni phase diagram, (b) the
: thermodynamic factor, F, at 900 °C, (c)
. experimentally measured tracer diffusivities
: At 900 °C (d) experimentally measured inter-
: diffusion coefficients compared with

: values calculated from (b) and (c).

i~

I) Measured by diffusion couple experiment in Au-Ni: [

E'(D D) =(D, D)XBIZ>D XD, + X D,

10—15

"within experimental error

Au
(d)

0.2 06 08 Ni

Xni

— The agreement is within the experimental error.

— Strong composition dependent, Ni t — Dl

) Au Ni
.Tm <Tm

28



Q: How do the compositions of ternary A and B
alloys of diffusion couple change with time?

29



2.6 Diffusion in ternary allgys: Additional Effects

C

0

A austenitized
Example) Fe-Si-C system (Fe-3.8%Si-0.48%C) vs. (Fe-0.44%C) at 1050°C
@ Si raises the p. in solution.
(chemical potential of carbon)
Colz: 15> At Jdd9 & Si-rich—Si 32 ¥
@ Mg, (sub.) «< M (interstitial solute),
(M : mobility)

4 Csi
——— att=0
.
.
C =====A
] .___——— >
l 0 X

{ Carbon distribution after high-temp. anneal

—_—
C—»

-

(b) *

Me

(c)

4 Chemical potential of carbon versus distance




How do the compositions of A and B change with time?

1) Carbon atom migration B — A
~ equilize the activity, or chemical potential,
of carbon in both sides G
~ only partial equilibrium of chemical potential
of the carbon & not for the silicon

2) Silicon atom migration B — A
~ over sufficient time
~ the carbon atoms will continually
redistribute themselves to maintain ¢ _ _ - _ _@§---- -
a constant chemical potential.

3) The concentrations of carbon and silicon
are uniform everywhere. C

Carbon redistribution due to different mobility
between carbon and silicon

Fe Si —>

Fig. 2.24. Schematic diagram showing the change in composition of two points (A and B)
on opposite sides of the diffusion couple 31



Q: What conditions high-diffusivity paths’ (grain
boundary, dislocation) diffusion is important?

Grain boundary diffusion makes a significant contrlbutlon D - D +D é
5 — b 4t
only when D, > Dd. | (T <0.75~0.8 Ty) e d

2. Diffusion Along Dislocation

At low temperatures, (T<~05T,)
gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

32



2.7.1 High-diffusivity paths

Real materials contain defects.

= more open structure mm fast diffusion path.

YRS £} NELTL 2
L, !

A k I 1

|
|
1

Grain boundary dislocation

Diff. along lattice

EDS >D, > DI Diff. along grain boundary

Diff. along free surface

A

But area fraction — lattice > grain boundary > surface

shato] 503 P



Diffusion along grain boundaries
Atoms diffusing along the boundary will be able to penetrate much
deeper than atoms which only diffuse through the lattice.

In addition, as the concentration of solute builds up in the boundaries,
atoms will also diffuse from the boundary into the lattice.

Metal A Metal B

I
Weld interface

Composite between plastic matrix and a continuous network of Al sheets
Fig. 2.25. The effect of grain boundary diffusion combined with volume diffusion.

: Rapid diffusion along the grain boundaries

— increase in the apparent diffusivity in the materials as a whole 34



Combined diffusion of grain boundary and lattice
: What conditions grain boundary diffusion is important?

Assumption: GBs are perpendicular tot the sheet, steady-state diffusion, Concentration
gradients in the lattice and along the GB are identical,
: : dC
: : : Jy==Dy|——
e | >/ dx
S * dC

Py
Dapp — DI + Db x T
& . grain boundary thickness= {1 Snm
d : grain size
C D, : apparant diffusivity
................................. 5

-

x
Fig. 2.26 Combined lattice and boundary fluxes during steady-state diffusion

through a thin slab of material. Thus, grain boundary diffusion

makes a significant contribution
only when D,6 > Dd. 35



The relative magnitudes of D,® and D,d are most sensitive to temperature.

D, =Dy, exp(— 9% ) D, =D, exp(—Q—_;_

Decreasing temperature —

_Q/23R ..............................................

Dy,

log D

the curves for DI and Db6/d cross
in the coordinate system of InD versus 1/T.

o~

D, (8/d)

1/T
Fig. 2.27 Diffusion in a polycrystalline metal.

=) Therefore, the grain boundary diffusion becomes predominant

at temperatures lower than the crossing temperature.
(T<0.75~0.8 T,,)

The diffusion rate depends on the atomic structure of the individual boundary =
orientation of the adjoining crystals and the plane of the boundary. Also, the 36
diffusion coefficient can vary with direction within a given boundary plane.



2.7.2 Diffusion along dislocations

Total area of
Y pipe = ¢ per unit area

7 of lattice
S D

P

Vk Unit area

Composite between plastic matrix and Al wires

Fig. 2.28. Dislocations act as a high conductivity path through the lattice.

D = ? hint) ‘g’ is the cross-sectional area of ‘pipe’ per unit area of matrix.

PP nto] o} 7]x| 0] AR
.................................................. D 0
_ : “app _ p:
D,,=D,+9-D,; = _1+g._D
.................................................. D .

37



ex) annealed metal ~ 105 disl/mm?; one dislocation(+) accommodates
10 atoms in the cross-section; matrix contains 1013 atoms/mm?.

g = cross-sectional area of ‘pipe’ per unit area of matrix

At high temperatures,
diffusion through the lattice is rapid and gD,/D, is very small
so that the dislocation contribution to the total flux of atoms is very small.

the curves for D,and gD,/D, cross in the coordinate system of InD versus 1/T.

At low temperatures, (T<~05T,)
gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

38



Q: How can we formulate the interface (a./B, B/y)
velocity in multiphase binary systems?

V = dX { ( ) aCa [3(,3) 8C§} (velocity of the a/p interface)

dt (cﬁ cY)

39



2.8 Diffusion in multiphase binary systems (T} 2949] AL

40



2.8 Diffusion in multiple binary system

A diffusion couple made by welding
together pure A and pure B A B

What would be the microstructure 1
evolved after annealing at T, ?

— a layered structure

~—~
[
S

containing o, B & v.

Draw a phase distribution and composition profile
In the plot of distance vs. Xg after annealing at T,.

] | T
Y

Draw a profile of activity of B atom, P
In the plot of distance vs. ag after annealing at T,.

Distance —»
]
]
.
Pl
]
]
Pe

G

Distance —»
7

A or B atom — easy to jump interface (local equil.)

iy q
— ua%= AP, paP= ¥ at interface Y \

(ap=a,P, ayP=1a,) 0 ap — 1 41



Complete solution of the diffusion equations for this type of diffusion couple is complex.
However an expression for the rate at which the boundaries mover can be obtained as follows.

How can we formulate the interface (a/B, B/y) velocity?
If unit area of the interface moves a distance dx,

a volume (dx-1) will be converted < Cp
from o containing Cg atoms/m3 [ Z8" = e e,
to B containing CgzP atoms/ms3. (Cﬁ C“)dx _y shaded area

Cp a — B transformation:

(C§ —Cg)dx equal to
which quantity?

a , ’_,: ____________________________________
Cs

X 42

Fig. 2.30. Concentration profile across the a/p interface and its associated movement assuming diffusion control.



Local equilibrium is assumed.

a flux of B towards the
: Interface from the B phase

8Cﬂ

a flux of B away from the
Interface into the a phase

- aCe

In a time dt, there will be an accumulation of B atoms given by

---------------------------

{ (D(ﬁ) o

c
ot

2
poC =
OX

o

)
81: 8)( . .............

af(a j}dt = (C -C? )dx

Accumulation of B atoms during dt

V =

dx

dt  (C,
(velocity of the a/f interface)

’ _CBa)

1 { ()aca 5(ﬁ)828}
X

43




Contents for today’s class Thermodynamic factor

« Atomic Mobility @=@RTF F=(1+ dln;B)

D*,, gives the rate at which Au* (or Au) atoms diffuse in a chemically
homogeneous alloy, whereas D, , gives the diffusion rate of Au when
concentration gradient is present.

+ High-Diffusivity Paths EDS >D, >D,i 4= A >A >A

Grain boundary diffusion makes a significant contrlbutlon D _ 5

only when D,8>Dd.| (T<0.75~0.8T,)

2. Diffusion Along Dislocation

At low temperatures, (T <~0.5T,,)

gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

« Diffusion in Multiphase Binary Systems

a ~ B
V = dX { ( ) @C (3C (velocity of the a/p interface)

dt (Cﬂ Cg) 44




*Homework 4 : Exercises 2 (pages 111-114)

until 1st exam

1st exam : October 17, 2021 6 pm — 8 pm
33-1 dong 228, 327, 328, 330, 331 ho

Good Luck!!
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