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

@ @ | is accomplished by dislocation climb.
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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. 6
* Net flux of vacancies across the middle of the diffusion couple — “Movement of lattice”




Nonsteady-state diffusion

In most practical situations steady-state conditions are not established,
i.e. concentration varies with both distance and time, and Fick’s 1st law
can no longer be used.

How do we know the variation of C; with time? — Fick’s 2nd law

Sx Area, A
- / The number of interstitial B atoms that
‘/ diffuse into the slice across plane (1)

in a small time interval dt :

2 % — J,A dt Likewise : J,A dt
)
&
V\
O @ °

Sine J, < J,, the concentration of B within the slice will have increased by
Due to mass conservation
(J1 -J, ) Aot
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Nonsteady-state diffusion

?
Jy=J,+ °J O x (0x is small)
i 0Xx
as 5t — 0 6CB ............ (’9.]8
(3,-3,)Adt D
Co="—1s— i Ot OX !

substituting Fick's 1st law gives

oC oC. 0 oC
J, =-D—2 s _ % |p e
° OX ot ax( " axJ

If variation of D with concentration can be ignored,

Fick’s Second Law

C
i

@0  x  x+6x i
|

J 1 i
i

N ——

A
i
i
i

(b) 0

—! X
| i
—_— | —— [~
N1 ! Ly Area A




incremental

—p volume «g—

Fick’'s Second Law
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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. 10
* Net flux of vacancies across the middle of the diffusion couple — “Movement of lattice”
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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.



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;.
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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
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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 : ot OX

* In binary substitutional alloys, each atomic species must be D= XzD, + X D,
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Q: How can we determine D, and Dg?

in substitutional alloys?

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

aXA aXBE = SZXBDA+XADB

15



The interdiffusion coefficient (f)) 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;) > =(D;-D,)

—> D=X,D,+X,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

/

{ wendla

o Brass

S

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.

l:)Zn > DCu

After annealing at a high temperature, it was found
that the separation of the markers (w) had decreased. 16



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.

D.., Dyi» (D)are all composition
dependent, increasing as X,
increases.

Log (diffusion coefficient, m* s™')

-13

-14

T rrrrn

I

D;\Ii (XCu =1)

D‘Cu Diffusivity of radioactive Cu

Diffusivity obtained by marker
velocity in diffusion couple

-15

L D=X,D,+X,D,
I e o 1

Cu 0.2 0.4 0.6 0.8 17 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:

~

e 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).

a, Ferrite vy, Austenite

Ex) diffusion of carbon in Fe at 1183 K, DS /DL ~100
Self-diffusion coefficients for Fe at 1133 K, D¢, /D., ~100

mm) BCC_more open and less lattice distortion 18



4) Diffusion in dilute substitutional alloy

For Dilute Substitutional Alloys if X, ~1, D=Dj:

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

In this case, Dy 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 esape
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.

D.,; Dyi» (D)are all composition
dependent, increasing as X,
increases.

* Concentration of A & B at any x after t

Log (diffusion coefficient, m* s™)

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

|:> Characteristic relaxation time for an
Homogenization anneal
|2
pu— 2 -
T D

T T : relaxation time

(7F3: The range of composition is small enough
that any effect of composition on 5 can be ignored)

-13

-15¢

T T=TT"T
Temperature ("C)
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—Impurity
—diffusion coefficient

DEZu Diffusivity of radioactive Cu

Diffusivity obtained by marker
velocity in diffusion couple

Composition (at % Ni)
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0.2 0.4 0.6
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Contents for today’s class

e 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

21



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

Thermodynamic factor

(Dy)=MRTF F:(1+:11;11;BB)

22



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
(E=ruler a2e)

« 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.(Z& 9] 45 %201 x]9] uf)

—> 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.

23



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 ~ -—D oC,
of this more general approach. (“previous approach”) e 5 ox

SR FEMT o0 oftt = ERSBE
J V. C :  2) A diffusion flux~ a net drift velocity superimposed on the
B BYB

i85 B: random jumping motion of each diffusing atom,
: remove differences in chemical potential o chemical potential gradient

.V M Ollg - agj’j : (D chemical force causing atom to migrate

:'B T B

8X “Mg”’: mobility of B atoms, a constant of proportionality
. Oty How the mobility of an atom is

=) gJB =—MgCs ox | related to its diffusion coefficient? o4



(7ol £ 2ok ARFERAA 27 TA)

Relationship between Mg and Dg
Uy =Gz +RT Ina; =G; +RT Iny; X,

Jg =—M Cii—=  Otsi_ 0 (GO 4RTIny, X
° o d OX e 7o)
_ RT(GI;U/B +511(;XB)
JB:_MBgﬁﬂe\H aln?”B)@XB; _RT(1s 2076 O X,
Vi K Oln Xg ' OX : olnX,  ox
aC aC .........
=—-MgRTF aB:_DB aB _Ng _ Ng _XB
X X B:i T - —
......... Voo g+ )V, V,
2
DB:MBRTF FL 1_|_d|n7/A _ 1+dlnyB :XAXBdCi
din X, din X; RT dX
For ideal or dilute solu.tions, For non-ideal concentrated solutions,
near X%B =0, v = const. with respect to Xg thermodynamic factor (F) must be included.
N F=1 Related to the curvature of the molar

/ .
y free energy-composition curve.

/ 5
D, = M,RT .




Additional Thermodynamic Relationships for Binary Solutions

The Gibbs-Duhem Equation 2s=u° slawst ax)2 A steissge) olawiskd 2 At

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

Gibbs-Duhem equation
for a binary solution

XAd/uA +X3dﬂ3 =0

—dPA{

Comparing two similar triangles, 0 X% Xg —* 1
_Qu, _dug _d(pg—p,) w 9G _Hg— My d2G/dX2
X Xa il ok L ey =daldy
Substituting right side Eq : d 3G :
& Multiply X, X5 _XAdﬂA = XBd/UB X X e dXB Eq. 1.65

LU GibbS-DUhem Equation "E....................................................................................E

Xa, Xg Vs, du,, d 2G
o8 e e e x 20 - priie BT L pply, d107s
Ya VB dx? dinX dinX,
dp, ag



@ The diffusive flux is also affected by the gradient of strain energy, 9E/ox.
HY E FHIE S 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.

Concentratlon gradient & strain E gradient

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.

27



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
dIny, )
s dIn X B

28
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2.5 Tracer diffusion in binary alloys

1) Au* in Au or Au/X alloy

/—Thin layer of Au®

I

Gold crystal f Gold crystal ()

(a)

o o o oy
'S =N ) =)

of radioactive gold, Au®
o
o

Relative concentration

C

0
-1.5 -12 -09 -0.6 -03

exp(

1 1 1

|
|
|
|
|
|
|
|
|
|
|
1
0

03 06 09 12 15

Distance, x, mm

2) Au* in Au-Ni

a; + oy

lMisFibiIitly gap

Au 02 04 06 08 Ni
(a) Xni

X%
4Dt

Tracer diffusion coefficient (D",,) in pure metal

& Intrinsic diffusion coefficients (D,,) in an alloy
: possible to determine by radioactive tracers

2
) —> D =D, (tracer diffusion coefficient)

How does D, differ from D, ?
FAA}L A AT RofehE o] REUOlA €7
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.
5 A AR R oFRhE s qHlo] JF

If concentration gradient exhibit,

AH_, >0—D,, <Dj,|

Au-Ni: ‘dislike’ each other

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

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



D*versus /[: 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

e € o ps o
and tracer diffusivities D*g in binary alloys™ A RIx} 9140] 812 OO AO

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

D, =M,RT =M_RT: 4= D, :MBRT{H dinzs }:FMBRT

B

D, = FDL\E F : Thermodynamic Factor
D, =FD; =% D=XyD,+X,Dy =F (XD, +X,D;)

Additional Thermodynamic Relationships for Binary Solution:
Variation of chemical potential (du) by change of alloy compositions (dX)

Eq.(1.71)
2

X, X, 3G _rrl1p A7 | _prly, 4Nz
" dx? dinX, din X,

RT dX2: 30



D' /m?s™!

2.5 Tracer diffusion in binary alloys

. 10 i Fig. 2.22 Inter-diffusion in Au-Ni alloys at
: : 900 C (a) Au-Ni phase diagram, (b) the
1400 T : thermodynamic factor, F, at 900 T, (c)
1200 d | i experimentally measured tracer diffusivities
: At 900 T (d) experimentally measured
1000 : 0o inter-diffusion coefficients compared with
values calculated from (b) and (c).
ok I) Measured by diffusion couple experiment in Au-Ni: D
Au 02 04 06 08 aXA:(DB_DA)aXB :>5:XBDA+XADB
D) AN e X
10-13 10-13 2) Calculated by tracer diffusion coefficient D*,, & D *y;

D =F(XyDj +X,D; )

10714 10714 |
~ — The agreement is within the experimental error.
e
10715 10715 . . =
— Strong composition dependent, Nit — D
o Au Ni
'Tm <Tm '.'T AU<T Ni
10-16 | Strongly 10-16 m m
composition dependent § [within experimental error
1 1 1 1 1 1 1 1
Au 02 04 06 08 Ni Au 02 04 06 08 Ni 31

(c) Xxi (d) Xni



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

32



2.6 Diffusion in ternary allgys: Additional Effects + austenitized
Example) Fe-Si-C system (Fe-3.8%Si-0.48%C) vs. (Fe-0.44%C) at 1050 C

@ Si raises the . in solution. C Cii
(chemical potential of carbon) ! att=0
ColE: 1EE— At J9 & Si-rich—Si AL g9 C. I|
1
@ Mg; (sub.) < M (interstitial solute), B C —
(M : mobility) ,
0 ' ———
(a) l 0 *

C 4 Carbon distribution after high-temp. anneal

—_—
C—»

(b) x
e 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 34



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

Grain boundary diffusion makes a significant contribution D -D +D é
E Bl b ¢
only when D, >Dd.| (T<0.75~0.8T,) I d:

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.

35



2.7.1 High-diffusivity paths

Real materials contain defects.

= more open structure mm) fast diffusion path.
DA = U575
I | l l

[001] [Ts0) (100) {110)

Grain boundary

"

N

dislocation

Diff. along lattice

Diff. along free surface

1

Diff. along grain boundary

shito) 0%t 32

i {3 T

S

But area fraction — lattice > grain boundary > surface 36



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

.
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 37



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,

S : dC
: L : Jy =-D)|—
% : — (i\’
dC
} 5 Ny Jy =D, e
d ----------------------------------------------------------------------
Y - J=(J,6+Jd)/d=-D,,°<
) B 7 dx
Dapp — DI + Db T A = . T
d o : grain boundary thickness=~ O Snm
d: grain size
C D, : apparant diffusivity
D,, =D, +Db; :
|

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 > D,d. 38



The relative magnitudes of D6 and D,d are most sensitive to temperature.

log D

Q, Q
D, = Dy exp(--2) D, = D, exp(— 2L
A b b RT | lo p( RT)

Decreasing temperature —»

-Q/2.3R

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

~

Dy, (5/d)

(T<0.75~0.8 T,):

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 39
diffusion coefficient can vary with direction within a given boundary plane.



2.7.2 Diffusion along dislocations

= g i Total area of
3 BE pipe = g per unit area
ddl il A : of lattice

2/ - — — D

e 1 P
Dislocation/{ : > D

e ——— =
JL/ Unit area

Composite between plastic matrix and Al wires
Fig. 2.28. Dislocations act as a high conductivity path through the lattice.

Dapp = ? hint) ‘g’ is the cross-sectional area of ‘pipe’ per unit area of matrix.
mto] et 7|1 9] FTHA

O - = 71

40



ex) annealed metal ~ 10° disl/mm?2; 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<~0.5T,)
gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

41



Q: How can we formulate the interface (o./f3, B/Y)
velocity in multiphase binary systems?

V = dX {D( ) 6Ca E)(,B) aCB'B } (velocity of the a/p interface)

dt (Cﬂ ~C2)

42



2.8 Diffusion in multiphase binary systems (CH 2972] &H4)

43



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

containing o, & y.

Draw a phase distribution and composition profile ¢ , \\ ,
in the plot of distance vs. Xz after annealing at T,. & ===

Draw a profile of activity of B atom, p ©
in the plot of distance vs. ag after annealing at T,.

Distance —
7[

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

{} q
— U, *= P, w,P=p, ¥ at interface ! \

(a,*=a,P, a,P=a,7) 0 % — 144



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/p, B/y) velocity?
If unit area of the interface moves a distance dx,

a volume (dx-1) will be converted < C.f
from o containing Cg atoms/me (28" S8 | |
to B containing CgP atoms/m3. (CBﬂ —Cg)dx s shaded area :

7oV a dalde (C§ —Cg)dx equal to

which quantity?

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



Local equilibrium is assumed.

. aflux of B towards the a flux of B away from the
. interface from the B phase . interface into the o phase

- ect - aca
J=-D(pH—= g =

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

2 oC 3
Frrremmssssassraaannnrans ’ aa(t: - ZCZ: at B ax prrern
- [Jp-d.] dt X - dCdx

R TRl

Accumulation of B atoms during dt

dx 1 oC.* <, . 0C.°
V_dt_(CBb—CBa){D(a) PP }

(velocity of the a/f interface)
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Contents for today’s class Thermodynamic factor

« Atomic Mobility @=@RTF F=(1+ dlnyB)

 Tracer Diffusion in Binary Alloys : D = X,D, + XD, =F (XD} + X,D, )

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 ED >D, >D, 4 A >A>A

Grain boundary diffusion makes a significant contribution D -D +D 5
E — M by

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
dx -~ 0Cg ~ c’BCﬁ

V= -D (velocity of the o/ interface)
" (Cﬁ C){ (o ) (B )




* Homework 2 : Exercises 2 (pages 111-114)
until 3rd November (before mid-term)

Good Luck!!
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