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Contents for previous class

Effect of Temperature on Solid Solubility Xgz= AeXp{—%}
- | ey
Equilibrium Vacancy Concentration X, =exp =T

Gibbs-Duhem Equation: Be able to calculate the change in
chemical potential that result from a change in alloy composition.

Ternary Equilibrium: Ternary Phase Diagram



Gibbs Triangle

An Equilateral triangle on which the pure
components are represented by each corner.

Concentration can be expressed as

A7 % either “wt. %" or “at.% = molar %".
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Ternary Eutectic System
(with Solid Solubility)

T a: Melting Point Of Material A

Ty: Melting Point Of Material B

Te: Melting Point Of Material C

Ty : Eutectic Temperature Of A-B

Tya: Eutectic Temperature Of B-C

Tgsy: Eutectic Temperature Of C-A
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Ternary Eutectic System
(with Solid Solubility)

P3:




Ternary Eutectic System
(with Solid Solubility)

Main outhine of Ternary Phase Diagram with Ternary Eutectic (T.) and Solid
Single Phase Regions Shown

LIQUID:

All Liquidus surfaces («+L-Red, B+L-Purple, y+L-Green)



Ternary Eutectic System
(with Solid Solubility)

T1B:

LIQUID

A

Temperature Slice At T, < Ty, But >T4, Tc Isothermal Section At T=T,



Ternary Eutectic System
(with Solid Solubility)

T2A T2B

LIQUID

A

Temperature Slice At T,> T, But, T, <Tg, Tc Isothermal Section At T=T),



Ternary Eutectic System
(with Solid Solubility)

T3A: T3B

Temperature Slice At T; <Ty, Tp, Te, But T3>Tgy, Tp, Tgs Isothermal Section At T=T
h s



‘h‘r' \ / ‘r" "f‘_ﬂ
R Ay
‘:hﬂ L7 d ”

N

‘:‘

B=AsB:5Cyp

L = AgsB5oCys
= A;B1oCs

B = 40%, L=60%



Ternary Eutectic System

(with Solid Solubility)
T4A: T4B:

A

Temperature Slice At Ty<Tg And To>Tg), Tes Isothermal Section At T=T,



Ternary Eutectic System
\\ Liquid (with Solid Solubility)
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Temperature Slice Below All Binary Eutectics But, Above The Ternary
Eutectic




Ternary Eutectic System
(with Solid Solubility)

T=ternary eutectic temp.




Ternary Eutectic System
(with Solid Solubilitv)

ToA: T6B:

A

Temperature Slice at Tg < Tg Isothermal Section At T=T,

A& St AF A5 ZFAZ: A A isothermal sectiond] %9 & W3}
http://www.youtube.com/watch?v=yzhVomAdetM
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Ternary Eutectic System

Solidification Sequence
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Contents I1n Phase Transformation

(Chl) €<t AE%: Thermodynamics
EHE
§}EHI (Ch2) & &b &: Kinetics
St i &
(Ch3) ZE A} 0| Ml =&
" (Ch4) = 1: Liquid — Solid
QI &M EH

(Ch5) 2 XI0l A2l 24 HEH: Solid — Solid (Diffusional)

(Che) I HMUIA 2l fEtAFHEH: Solid —» Solid (Diffusionless)



Contents for today’s class

Diffusion
Interstitial Diffusion — Fick’s First Law
Effect of Temperature on Diffusivity

Nonsteady-state diffusion — Fick’s Second Law



Diffusion






Mechanism of Solid-State Diffusion

100 percent &

O percent &

100 percent A4

Concentration of
component 4

Concentration of
component £

O percent 4
Original interface (position of weld)

Fig. 10.6 Curves showing concentration as a function of distance along a
diffusion couple. Curves of this type are usually called penetration curves.

R.E. Reed-Hill, Physical Metallurgy Principles
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Diffusion Movement of atoms to reduce its chemical potential .

Driving force: Reduction of G “dewn-hill” diffusion.

' I I /?E @ Gy G3G
Down-hill diffusion @g : 36

movement of atoms from a high B-rich A-rich Gy,
concentration region to low (Q) mA @ @ B
concentration region.

‘up lull” diffusion,

B
Up-hill diffusion ﬁ @
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Diffusion Movement of atoms to reduce its chemical potential .

Driving force: Reduction of G “dewn-hill” diffusion.

' I I /?E @ Gy G3G
Down-hill diffusion @g : 36

movement of atoms from a high B-rich A-rich Gy,
concentration region to low (Q) mA @ @ B
concentration region.

‘up lull” diffusion,

B
Up-hill diffusion ﬁ @

AT

movement of atoms from a low _ |

: : : B-rich A-rich
concentration region to high

concentration region

(c)

Hn < Ha
1 2
Hg > Hp




Phase separation in metallic glasses

Nd,Al,,Cog,
291 A

Nd;, 21 35Al,C04
237A,299A

ZrGOAImCo30
2.40 A

TEM results for Nd;Zr;,Al,Co44 alloy



Diffusion

Diffusion : Mechanism by which matter
transported through matter

What is the driving force for diffusion?

= a concentration gradient (x)
= a chemical potential (0)

But this chapter will explain with concentration
gradients for a convenience.



Atomic mechanisms of diffusion

Substitutional vs. Interstitial diffusion

The mean vibrational energy is 3kT, therefore the amplitude of thermal

oscillation of an atom increases markedly with temperature. If a neighboring
atom site is vacant, then the oscillation atom can change site with a certain
probability (atom jumping). The probability consists of creation of the
vacant site and movement of a neighboring atom into the site.

Substitutional diffusion




Interstitial diffusion
(a/2)v/ 3

(a) FCC (0.74) (b) BCC (0.74)

Fig. 2.3 (a) Octahedral interstices (0) in an fee erystal. (b) Octahedral interstices m a bee
crystal. (After P. Haasen, Physical Metallurgy, Cambridge Umversity Press, Cambridge,
1978.)



Interstitial diffusion

b 4

How interstitial diffusion differs from substitutional diffusion?



Interstitial diffusion

S,
®

Random jump of solute B atoms in a dilute
solid solution of a simple cubic lattice
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Assume that there is no lattice distortion and
also that there are always six vacant sites
around the diffusion atom.
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Jg : Flux of B atom

I's : Average jump rate of B atoms

n, : # of atoms per unit area of plane 1
n, : # of atoms per unit area of plane 2

(b)

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



Fick’s First Law of Diffusion

a: Jump distance

‘]B :iFBnl—EFan :irs(nl_nz) |
6 6 6 ..
Ces(D) = nl/a’ Cs(2) = nz/a
(nl—nz):a(CB(l)—CB(Z)) o) CB(l)—CB(Z):—a(aCB/?X)

OX * OX

Dg: Intrinsic diffusivity or Magnitude of D in various media
Diffusion coefficient of B Gas - D = 101 cm2/s
= depends on Liquid : D = 10% ~10° cm?/s

microstructure of materials  Solid : Materials near melting temp. D = 10® cm?/s
Elemental semiconductor (Si, Ge) D = 1012 cm?/s



Estimate the jump frequency of 1.,
a carbon atom in y-Fe at 10000C. 6

lattice parameter of y-Fe : ~0.37 nm

the vibration frequency of carbon : ~ 1013

If the crystal structure is not cubic, then the probability of jump
IS anisotropic. For example the probability of jumps along the
basal direction and the axial direction of hcp crystal are different.

Dg, In general, is concentration-dependent.

For example, in y-Fe at 1000°C,

D.=2.5x 10m2s1, when C_ = 0.15 wt% C 15D T
DC — 77 X 10_11m28-1’ When CC — 14 Wt%



For random walk in 3 dimensions,
after n steps of length o

— avn

During random walk,
an atom will move in time (t)
a radial distance (r) from the origin

r=a/(T)= (D) =24JDt ___6D _ﬁﬁ
___________________________________________________________________________________________________ T=2r =

In 1 s, each carbon atom will move a total distance of ~0.5m
— a net displacement : ~ 10 um.



EFFECT OF TEMPERATURE on Diffusivity

Thermal Activation

OOO O O
Q0O >Q O

How D varies 1
2
with T G |AGs )
How I varies J
with T? Ll -
X —=

Fig. 2.6 Interstitial atom. (a) in equilibrium position, (b) at the position of maximum lattice
distortion. (c) Vanation of the free energy of the lattice as a function of the position of
mterstitial. (After P.G. Shewmon. in physical Metallurgy, 2 edn.. B.W. Cahn (Ed.). North-

Holland. Amsterdam. 1974



Thermally activated process jump frequency TI';?

1"B = Zyexp(_ AGm / RT) Z : nearest neighbor sites
v : vibration frequency

AG,, : activation energy for moving

{ AGm :AHm _TASm ) DB :%FBQZ}

D, = Eazzlxexp(Asm / R)} exp(—~AH_/RT)

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




Temperature Dependence of Diffusion

Dy =Dg, eXp Qo How to determine Q,p
RT experimentally?
log E’ul -
~
~ o _Q s Q .......... 1 ......
slope 3R log D =log D, — ( j
logd | O 2.3R\T /:
==) Therefore, from the slope
-— of the D-curve in an log D vs
/7 1/T coordinate, the activation

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