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PHASE TRANSFORMATIONS & HEAT TREATMENT

Course Objective

The am of this course is to gain an understanding of the role of phase transformations w.r.t.
heat treatment on the development of microstructure and properties of metallic materials. The
course will highlight a number of commercialy-significant applications where phase
transformations due to heat treatment are important.

Course Overview

Thermodynamics of phase transformations; solidification of pure metals and alloys; thermal
supercooling; constitutional supercooling; interface stability; solute redistribution; Solid state
transformations : nucleation and growth of phases; diffusion mechanisms; transformation
Kinetics, transformation diagrams. Diffusional and Diffusionless transformations:
decomposition of solid solutions; ordering reactions, spinodal decomposition; eutectoid,
bainitic, martensitic transformations Heat treatment processes, concept of Hardenability and
Cast Irons.

L ear ning Outcomes

Enhanced critical thinking, analytical and problem solving skills in materials science and
engineering. An understanding of the principles underlying liquid-to solid and solid-state phase
transformations in a range of materials. An understanding of the importance of phase
transformations w.rt. heat treatment for controlling microstructure and properties in
engineering alloys.
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Classification of materials

Materias

Monolithic,  [Hybrids

Metals (& Alloys)

Ceramics & Glasses

A

A 4

Composite

Composites: have two (or more)
solid components; usually oneisa
matrix and other is areinforcement

/

P
Reinforeement

A

Polymers (& Elastomers)

Sandwich

A\ 4

A

A 4

Lattice

A 4

Segment ) %{ //

Segmented Structures. are
divided in 1D, 2D or 3D
(may consist of one or
more materials).

Sandwich structures: have a
material on the surface (one
or more sides) of acore
material

L attice* Structures: typically a
combination of material and space
(e.g. metallic or ceramic forms,

aerogels etc.).

Hybrids are
designed to improve
certain properties of
monolithic materials

*Note: this use of the word 'lattice’ should not beconfused with the use of the word in connection with crystallography.




Length scales in metallurgy
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Transformations in Materials
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Classification of Transformations

Classification of
Phase
Transformations

Ehrenfest, 1930

Reconstructive

c
o}
% Mechanism <
m

Buerger, 1951

Thermodynamics | Order of a phase transformation

Civilian

Displacive | Military

Non-

quenchable | Athermal  Rapid

Kinetics

le Chatelier, (Roy 1973) Quenchable

Thermal  Suggish



Classification of Transformations

The thermodynamic characteristics
associated with the phase transformations
can be used to classify transformations; in
this classification methodology, if the n®
derivative of free energy (G) with respect to
temperature (T) and pressure (P) is
discontinuous, it is defined as the n" order
transformation.

As shown in Fig., in transformations such as
melting, the first derivative has the
discontinuity; hence, melting is a first order
transformation; on the other hand, in some
of the order/disorder transformations, it is
the second  deivative  which is
discontinuous, making it the second order
transformation.

Figure: The thermodynamic classification of transformations:
the first derivative of the free energy G with respect to
temperature T , that isthe enthalpy H is discontinuous a t the
transformation temperature T, as shown in the first column; the
second derivative of the free energy with respective to
temperature C,, is discontinuous while H is not in the second
column, making the order of transformation second.
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Classification of Transformations
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Classification of Transformations

Phase transformations can be classified as homogeneous (transformations which take place
through spinodal mechanism in which transformation takes place throughout the material)
and heterogeneous (transformations which take place through nucleation and growth
mechanism in which transformation takes place heterogeneously at a few places in the
material at the start of the transformation).

Transformations can also be classified as diffusional (or, so called, ‘civilian’) and
diffusionless (or, so caled ‘military’) depending on the mechanism. In civilian
transformations, the nucleation and growth take place via diffusion assisted atomic motion.
On the other hand, in the military transformation, the nucleation and growth is by shear and
snuffle of atoms by less than one atomic displacement and the movement of all the
participating atoms is coordinated.

There are transformations which are thermally activated (which typically are based on
diffusion) while there are others which are athermal.

The transformations can also be diffusion controlled or interface controlled.
Transformations can also be differentiated based on whether the interfaces formed are
glissileor nonglissile.

In some transformations there are compositional changes while in some other there are no
composition changes.

Further, transformations which are diffusional can either involve long range diffusion or
short range diffusion.




Questions?

8.
9.

What is a Phase transformation? How it is depending on Heat treatment?

How do the thermodynamic parameters such as G, H, V and C, vary with temperature for
first and second order transformations

Explain the classification of phase transformations.
What is meant by Glissile transformations?

Can a ferromagnetic to paramagnetic change be described as an order-disorder
transformation? Explain

Give two examples of phase transformations where the proper control of the transformation
can result in different combinations of properties.

List the possible differences in the nature of short-range diffusion in a polymorphic
transformation versus an order-disorder transformation.

What types of phase changes require long-range diffusion?
In what type of transformation is acomposition change not possible?

10. Consider a transformation in which there is a large volume change during transformation.

What is the order of such transformation?
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Introduction

The fields of Thermodynamics and Kinetics are vast oceans and this chapter will introduce
the bare essentials required to understand the remaining chapters.

L et us start by performing the following (thought) experiment:

Heat arod of Al from room temperature to 500°C — As expected the rod will expand
(A Binfigure below).

The expansion occurs because of two reasons:
1 Vibration of atoms (leading to an increase in average spacing between atoms  the
usual reason) (A Minfigure below).

2 Increase in the concentration of vacancies* (a vacancy is created when a Al atom goes
to the surface and for every 4 vacancies created the volume equal to 1 unit cell is added). (v

Binfigurebelow). The 2™ reason is a smaller effect in terms of its contribution to the overall
increase in length of the specimen

A
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— Metal eXpandS on
Exaggcrated schemuatic i :-B heati ng dueto 2 different
physical reasons!
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M

* |t costs energy for the system to put vacancies (broken bonds, distortion to the lattice)
— then why does the system toler ate vacancies?



Introduction

Let us next consider the melting of a pure metal at its melting point (MP) (at
constant T and P) by supplying heat to the sample of metal (so that the metal
sample is only partly molten). At the MP the liquid metal isin equilibrium with the
solid metal.

The liquid has higher potential energy as well as higher kinetic energy than the
solid.

Then why does the liquid co-exist with the solid?

The answer to this question lies in the fact that internal energy is not the measure
of stability of the system (under the circumstances).

We will learn in this chapter that it is the Gibbs Free Energy (G). The molten metal
has higher energy (internal energy and enthalpy), but also higher Entropy. So the
melting is driven by an increase in Entropy of the system. The molten metal and
the crystalline solid metal havethesame G~ hence they co-exist in equilibrium.




Stability and Equilibrium

Equilibrium refers to a state — wherein there is a balance of forces* (as we shall see
equilibrium points have zero slope in a energy-parameter plot)

Stability relates to perturbations (usually small perturbations** about an equilibrium state)
(aswe shall see stable relates to the curvature at the equilibrium points).

Let us start with a ssimple mechanical system  arectangular block (Figure in next slide)
(under an uniform gravitational potential).

The potential energy (PE) of the system depends on the height of the centre of gravity (CG).
The system has higher PE when it rests on face-A, than when it rests on face-B.
The PE of the system increases when onetiltsit from C1  C2 configuration.

In configurations such as C1,C2 & C3 the system will be in equilibrium (i.e. will not change
its configuration if there are no perturbations).

In configuration C2 the system has the highest energy (point B) and any small perturbations
to the system will take it downhill inenergy  Unstable state.

Configuration C3 has the lowest energy (point C) and the system will return to this state if
there are small perturbations  the Stable state.

* Force has been used here in a generalized sense (as an agent which can cause changes)
** Perturbation is usually asmall force/displacement imposed in a short span of time.
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Stability and Equilibrium

Configuration C1 aso liesin an energy well (like point C) and small perturbations will
tend to bring back the system to state C1. However this state is not the global energy
minimum and hence is called a M etastabl e state.

Additionally, one can visualize a state of neutral equilibrium, like a ball on a plane (wherein
the system isin a constant energy state with respect to configurations).
Points to be noted:

A system can exist in many states (as seen even for a simple mechanical system: block on a
plane)

These states could be stable, metastable or unstable

Using the relevant (thermodynamic) potential the stability of the system can be

characterized (In the case of the block it is the potential energy, measured by the height of the CG for
the case of the block on the plane)

System will evolve towards the stable state provided sufficient activation is

provided (in the current example the system will go from C1 to C3 by sufficient jolting/shaking of
the plane)

Three kinds of equilibrium (with respect to energy)
Global minimum  STABLE STATE
Local minimum  METASTABLE STATE
Maximum  UNSTABLE STATE




Law s of Thermodynamics

Zeroth law of Thermodynamics

If two systems are each in thermal equilibrium with a third, then all three are in
thermal equilibrium with each other. (Similar to the transitive property of equality
In mathematics; i.e. If a=b and b=c,then a=c¢)

No heat flows No heat flows No heat flows
(Aisin equilibrium with B) (B isin equilibrium with C) (A isin equilibrium with C)

First law of Thermodynamics
This is a statement of the conservation of energy i.e. When heat (Q) is added to a
system, it increases the internal energy ( U) of the system and the system does
some work (W) on the external world.

U=Q W

Signsof Q and W
Q Positive | System gains heat
Q Negative | System loses heat
W Positive | Work done by system

For infinitessmal change of the state,
du= Q W

W Negative | Work done on system




Law s of Thermodynamics

Second law of Thermodynamics:

In an isolated system, natural processes are spontaneous when they lead to an
increase in disorder, or entropy i.e. The entropy of a system in an adiabatic
enclosure aways increases for spontaneous/irreversible processes and remains
constant during areversible process but it never decreases.

Entropy Sisdefined by the equation

ds = dgrev and is a function of state.
T

Third law of Thermodynamics:
The entropy of a perfect crystal is zero when the temperature of the crystal is equal

to absolute zero (0 K). _
IMAS=0
T-0




Thermodynamic parameters

In Materials Science we are mainly interested with condensed matter systems (solids and
liquids) (also sometimes with gases)

The state of such a system is determined by Potentials analogous to the potential energy of
the block (which is determined by the centre of gravity (CG) of the block).
These potentials are the Thermodynamic Potentials (A thermodynamic potential is a Scalar
Potential to represent the thermodynamic state of the system).

The relevant potential depends on the parameters which are being held const ant and the
parameters which are alowed to change. More technically these are the
State/Thermodynamic Variables (A state variable is a precisely measurable physica
property which characterizes the state of the system- It does not matter as to how the system
reached that state). Pressure (P), Volume (V), Temperature (T), Entropy (S) are examples of
state variables.

There are 4 important potentials (in some sense of equal stature). These are: Internal Energy,
Enthal py, Gibbs Free Energy, Helmholtz Free Energy.

Intensive properties are those which are independent of the size of the system
PT

Extensive Properties are dependent on the quantity of material
V,E,H, S G




Thermodynamic parameters

Gibb sfreeenergy, G can beexpressedas G = H-TS

H enthapy (Jmol) , T temperatureinK, S entropy (Jmol. K)
Further H= E+PV

E Interna energy (Jmol), P Pressure (N/m 2),V Volume (m 3/mol)

In the solid state, the term PV is in genera very small (in the temperature and
pressure range we consider) and can be neglected.

On the other hand, internal energy of metalsis in the order of kJ/mol. So PV term
IS less than even 1%.

| nter nal ener gy has two components:
Potential energy , which depends on atomic bonds and
Kinetic energy , which depends on the vibration of atoms at their lattice
position
Therelation can berewrittenasH=G + TS
H measures the total energy of the body

TS measures the useless energy that is the energy which cant be spent for any
work or transformation.




Thermodynamic parameters

So the Gibbs free energy is defined as the energy that can be set free a a
particular pressure to do the work or make a particular transformation possible
Similarly at a particular volume the free energy is called Helmoltz free energy, F,
expressed as

F=E TS
We shall consider the Gibbs free energy since we are going to consider the
transformations under constant pressure.
To determine Gibb s free energy, we need to determine enthal py and entropy of the
system.




Relation between enthalpy and specific heat

Let usfirst consider a single component system.

If we keep the system isolated and do not allow it to interact with the surroundings, the
internal energy of the system will not change. Thisisactually a closed system.

However, if the system is allowed to interact with the surroundings (that is if it acts as a
open system) internal energy might change.

Suppose the system does work W in the surroundings and takes heat Q from the system,
then according to the first law of thermodynamics, the change in internal energy of the
systemis

dE = 0Q - oW

So after spending some energy for work, rest of the energy is added to the system to
Increase the internal energy.

Here exact differential is used for energy because it does not depend on the path and
function of the state only. On the other hand heat and work depend on the path.

If a system changes its volume by dV at a constant pressure P, the work can be expressed as
dw = PdV

S, dE= Q-PdV, we know H = E+PV
dH = dE+PdV+VdP
dH = dQ + VdP




Relation between enthalpy and specific heat

If we divide by dT on both sides we get dH _ 5Q+V dP
dT dT  dT

Specific heat capacity, C, at a constant pressure is defined as the heat required to increase
the temperature of the system by one degree. So it can be expressed as

_Q _ dH

T dT , dT .

After integration, we can write

H T T
dH = deT H. =H,+ deT

Ho 0 0

-
Hy =AH g+ C,dT

298
H; ,H,,and H,. arethe enthalpies at temperature, T, 0, and 298K respectively

Note that we can not measure absolute thermodynamic values. We rather measure a relative
value, H,q IS considered as reference value.

For pure metalsit considered as zero.




Relation between entropy and specific heat

As explained before, the knowledge on entropy (which cannot be spent to do a work) is
required to determine how much energy is available (free energy) in a system to do useful
work from the total heat content or enthalpy.

Second law of thermodynamics states that the entropy of a system will either remain the
same or try to increase.

When system moves from one equilibrium state 1 to another equilibrium state 2 by
changing heat of Q, the entropy Sin areversible process can be defined as e

S-§ = e

1

The value at zero Kelvin is zero and considered as the reference state for entropy, so that the
entropy at any temperature T can be expressed as e

T

0
Previousy we have seen from the relation H = E + PV and using the first law of
thermodynamics
Q=dH
=
We know dH = C,, dT, So the entropy at T can be expressed as S = &dT

0




Relation between entropy and specific heat

Sometimes value of the entropy at the standard state (298 K) is available and can written as

'C
Sy =ASy + ?PdT

298

So the free energy at temperature, T can be determined
G, =H; -TS
.

.
G, =AH,, + C.dT -T AS,+ &dT
298 298 T
T T C
G = C.dT-T AS,;+ —dT |npureeements
298 298 T
Specific heat is expressed as o
_ C S /
Cp=A+BT -7 A Band Careconstants 3 /
Specific heat is expressed in terms of empirical formulaas 3 /
expressed above. /
In general the constant values are available in the data book. T

Specific heat changes with temperature as shown in the figure
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Gibb s free energy change with temperature in a
single component system

An isolated system always tries to maximize the entropy. That means the system is stable
when it has maximum possi ble entropy.

Instead of considering isolated system, we need to consider the system which interacts with
the surroundings because heat transfer is always with respect to the surroundings only.

Any transformation is possible only when dS+dS;,,,, 0 where dSis the change in entropy
of the system.

In a reversible process, when system can transform back to its previous state it is equal to
zero and in an irreversible process when the system cannot come back to its previous state is
greater than zero.

We need to find the stability with respect to another term, for the sake of convenience,
which can be used without referring to the surroundings. We shall show now that free
energy israther a suitable property to define stability of the phases.

Let us consider that the system absorbs some amount of heat Q from the system. Since the
surrounding is giving away the heat, we can write

dS S

surrou
T




Gibb s free energy change with temperature in a
single component system

We have seen before that in an isobaric system Q = dH. So we can write
dS—d—HZO
T

dH -TdS<0

We are considering isobaric system. If we consider the transformation at a particular
temperature ( T constant, dT = 0) then

dH -TdS-SJT <0

d(H-TS)<O0

dG<0

So we have derived a more reasonable relation, which can be used without referring to the
surroundings.

In an reversible process, such as allotropic transformation or the transformation from solid
to liquid or liquid to solid the free energy change is zero. There will be many irreversible
transformations (later we shall see these kinds of diffusion controlled transformations),
where dG isless than zero.

This aso indicates that a system will be stable when it has minimum free energy, so that it is
not possible to get anymore dG less than zero by any further transformation.




&3 Stability of the phases in a single component system

From previous studies, we understand that system can attain minimum free energy
by decreasing enthalpy and/or increasing entropy.

That meansdH Oand/ordS OsincedH TdS O
One component can have different stable phases at different temperature and

pressure ranges, for example, solid, liquid and the gas phase.

One phase is said to be stable, when it has lower free energy compared to other
phases in a particular range of temperature and pressure.

L et us consider constant pressure.

To compare the stability of different phases in a particular range of temperatures,
we need to calculate the free energy of the phases with respect to temperature.

To determine Gibb s free energy at a particular temperature, we need to determine
H and S. Similarly it can be calculated at every temperature to gain knowledge on
the change in free energy with temperature.

As mentioned previously the data on specific heat are available in literature and
these parameters can be calcul ated.




From the definition, we know that the slope of
the enthalpy at any temperature is equal to the
specific heat at that temperature.

G=H-TS

dG =dH -TdS—-AdT (H =E+PV)

dG =dE + PdV +Vdp-TdS—SIT  (CE=RQ-PaV)
dG = Q-PdV + PdV +VdP -TdS - SdT R - 4g
dG = TdS+VdP - TdS - ST !

dG =VdP-XT (Maxwell s Relation)

S0 at a constant pressure the slope of the free
energy curve
0G

- :—S
T .

Arbitray valuesof H, Sand G

=]

dG__

dT 3

Temperature, T

Typical variation of thermodynamic
parameters are shown in the figure.

If we want to know whether a solid or liquid phase will be stable at a particular
temperature or in a temperature range, we need to find free energy for both the phases.




For that we need to know the variation of specific
heat with temperature for both the phases as shown
In the figure.

Specific heat for aliquid phase is always higher than
the solid phase. That means energy required to
increase the temperature by one degree for liquid
phase is higher than the solid phase.

Superscript, S and L denote the solid and liquid
phases.

Free energy for liquid phase changes more
drastically compared to the free energy of the liquid
phase because entropy of the liquid phase is always
higher, which is the slope of the free energy.

At melting point, free energy for both the phases are
the same and the difference between the enthalpy of
these two phases is equal to the latent heat of fusion
L.

Specific Heat,C,

Temperature, T

Arbitrary values of G, H

Temperature T



Stability of the phases in a single component system

It must be apparent that one particular phase at certain temperature range will be stable, if
the free energy, G islower of that phase than the other phase.

At low temperature range, one particular phase will be stable, which has low enthalpy, since
TS term will not dominate. That iswhy solid phaseis stable at low temperature range.

On the other hand, at higher temperature range, phase having higher entropy will be stable
since in this range TS term will dominate. That is why liquid phase is stable a high
temperature range.

This is the reason that -Ti with close packed HCF structure is stable at low temperature
range, whereas, at high temperature range -Ti with relatively more open BCC structure is
stable.

If we fix atemperature, we have seen that one material/element will be stable as one type of
phase with a particular state compared to other.

It can stay in equilibrium if it has minimum free energy and dG=0, it indicates that for small
fluctuation it does not move to another state.
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Pressure Effects

From previous studies
dG =VdP - XdT
G =G* - AG=0
consider : S - L
dG® =V >°dT - S°dT
dG" =V*'dT - S-dT
VS -VHdP =(S°>-S")dT
dT _ AV :VS -Vt
dP AS S°-S

d_T — Therate of change of transformation
dP temperature as a function of pressure

dT AV ol :
dP AS | Isknown as Clausius-Clapeyron equation Temperature




Pressure Effects

The equation (previous page) can also write
We know AG = AH - TAS

At equilibrium AG = 0i.e, AH-TAS =0 ,AS= =~
dP  AH
dT TAV

Example: close packed y-Fe has a smaller molar volume than o — Fe, AV = VY- V%< (
whereas AH = H”- H*> 0 (for the same reason that a liquid has a higher enthalpy
than a solid), so that (dP/dT) is negative, i.e., an increase in pressure lowers the
equilibrium transition temperature.

|s also known as Clausius-Clapeyron equation

On the other hand the 6/L equilibrium temperature is raised with increasing
pressure due to the larger molar volume of the liquid phase. It can be seen that the
effect of increasing pressure 1s to increase the area of the phase diagram over
which the phase with the smallest molar volume 1s stable.




Driving force for solidification

between two phases at temperatures away from the

equilibrium temperature.
For example if a liquid metal is under cooled by L Solid (G
T below T, beforeit solidifies, solidification will Id ( S)

be accompanied by a decrease in free energy G
(Jmoal) as shown in figure.
This free energy decreases provides the driving O AG —VeE
force for solidification. The magnitude of this

In dealing with phase transformations, we are often
concerned with the difference in free energy Solid stable Liquid stable
AG

change can be obtained as follows. Liquid (G,)
The free energies of the liquid and solid a a AT
temperature T are given by 5 5 : Undercoolingl | AG ~ +ve
G = H _TS B : T
m
G°=H°-TS®

Therefore, at atemperature T AG = AH —TAS -

Where AH =H!-HS and AS=S'-S°



Driving force for solidification

At the equilibrium melting temperature T, the free energies of solid and liquid are equal,
l.e., G =0.Consequently AG = AH T AS=0

AH L
And therefore at T AS=""_=—
" T T, L

m

This is known as the entropy of fusion. It is observed experimentally that the entropy of
fusionisaconstant R (8.3 Jmol . K) for most metals (Richard srule).

For small undercoolings ( T) the difference in the specific heats of the liquid and solid ( C,t
- C; ) can be ignored.
Combining equations 1 and 2 thus gives AGOL-T L

m

l.e,forsmall T AG Dﬂ

m

This is called Turnbull s approximation




Previously we are considered one element only. Now we consider interaction between
two elements. This is not straightforward since elements can interact differently and
thermodynamic parameters may change accordingly.

Let us consider a Binary system with elements A and B. For our analysis, we consider
X,moleof Aand X g moleof Bsothat X, + X g =1

That means we consider total one mole of the system That further means we consider
total number of atoms equal to the Avogadro number, N, (= 6.023 x 1029),

N . )
Where Xi=N—' IS the number of atoms of element i.
0

Xa mole of A X; mole of B

Unlike single component system, where we 00000 00000

determine the change in free energy with | x.c. Q@O8® . rixing @220 x.c,
temperature, in the binary case we shall find the ::az 88888
change in free energy with the change in
composition at different constant temperature at a

After mixing

time. e 00 000 o

. 0 O 0 00 00
Let us consider the free energy for one mole of mgg
element A is G, and one mole of B is Gg. s e

G= GO +AGmix = XAGA 3 xBGB = AGmix



So before mixing when kept separately, X, mole of A and X g mole of B will have the free
energy of X,G, and XgGg respectively

Total free energy before mixing G, =X, G, + X G;

After mixing there will be change in free energy
Total f after mixi
otal free energy after mixing G=G,+AG,,

G, ISthe free energy change of the alloy because of mixing

AG,;, =G-G,=H -TS=(H,-TS) =(H -Hy)-T(S-%)
AGmix :AH mixX _TASmix

S0, once we determine the change in free energy because of mixing, we can determine the
total free energy after mixing.

Let us first determine, the enthalpy change because of mixing ( H.;,) and the change in
entropy because of mixing ( S;i,)

Note that system alwaystries to decrease enthalpy and increase entropy for stability.




The change in enthalpy because of mixing, H,.,

We take the following assumptions:
The molar volume does not change because of mixing

Bond energies between the pure elements do not change with the change in composition
We neglect the role of other energies.

After mixing, the system can have three different types of bonding, A-A, B-B and A-B
Enthalpy of mixing can beexpressedas AH . = N,ZX , X A&
N, - Avogrado number, Z = coordination number

The change in internal energy

o Eap A

1
Ag = €aB _E(‘SAA +€BB)

ag 1Sthe bond energy between A and B
aa ISthe bond energy between A and A
sg 1S the bond energy between B and B

It can be written as AH L= QXAXB

Where Q = NOZAg




The change in enthalpy because of mixing, H._.,

Situation 1: Enthalpy of mixingiszero

AHming»(AxB :O AH iy > 0

1
That means €as = E(EAA +Egg)

Arbitrary values of AH,,ix
o

There will be no preference to choose =0
neighboring atoms. Atoms can sit randomly at
any lattice points .
AHmix<0
Situation 2: Enthalpy of mixing islessthan zero 0 Composition, Xq 1

AHming»(AxB <O

1
That means &, < E(EAA +Egg)

Because of transformation internal energy will
decrease. That means transformation is exothermic.
Atoms will try to maximize A-B bonds.




The change in enthalpy because of mixing, H..,

Situation 3: Enthalpy of mixing isgreater than zero

M =OXX>0
1 e
That means &z > = (Ean +Exz) 2
2 §0 AH =0
Because of transformation internal energy will %
increase. That means transformation is to be <
endothermic. Atoms will try to maximize A-A and AHumix <0

B-B bonds. 0

Composition, Xg 1

g e A i
TN s A R
O i LS4+

L g R o s g g R
T e +4+ 44404

ﬂHmi: =0 ﬂHmm <() ﬂHmix > ()




| Slope/maximum/minimum of the enthalpy of mixing curve

; AHmic > 0 AH ,, = QX , X, =Q(X; = X3)
A — ga-2x,)
5 dX,
:
AHmix<0
0 Composition, Xg 1

d(AH ,, L _ _
At maximum/minimum g =0 Thls_l mpllesxFs = 0.5. That means maximum
dXg or minimumwill be at X5 =0.5

Further

d(AH mix) aX. .0=0 That means the slope at the beginning
dX g 5 has a finite val ue of x



The change in entropy because of mixing, S,

Since we are considering transformation at a particular temperature, the change in entropy
because of the change in temperature can be neglected.

We need to consider only the configurational entropy change. Configurational entropy
change comes from the possibilities of different ways of arrangement of atoms.

Following statistical thermodynamics the configurational entropy can be expressed as

S — I |n L k is the Boltzmann constant
W IS the measure of randomness

AS. =S-S5, =klna-kinl=kIna
since atoms at their pure state before mixing can be arranged in only one way

If we consider the random solid solution, then

I
W= (nA T nB)' n, and ng are the number of atoms of A and B
n,ng!

Following Sirlingsapproximation I[N NI= NINnN — N




The change in entropy because of mixing, S,

So, S, can bewritten as

1S, =kIne=K{[(n, +n) I, +n,) —(n, +ny)] ~[n.Inn, —n,]-[ng Inn, —n, }

n n
AS. =-k n,In—2—+n;In—=4
nA-I-nB If-]A-l_nB

Number of atoms can be related to the mole fraction, X and the Avogadro number N, following

nA = xANO I’]B = xBNO
X, +Xg=1 n,+n; =N,

AS. = kN[ X, In X, + X, InX,]

=R X, In X, + X;In X;]

where, R isthe gas constant




| Slope/maximum of the entropy of mixing curve

| 1 1 X
M:—R —In(1- X;) - Q- X;) +InX; + X;— =-RIn—2
dX; 1-Xg) Xg 1-X;
d@Sw) _  at maximum, this corresponds to Xz = 0.5 °
dX; 5
Further, theslope at X Olisinfinite. That means & |,
the entropy changeis very high in adilute solution g |
X 34
As mentioned earlier the total free energy after mixing £ |
can bewrittenas G =G, +AG_, 2
where G, = X,G, + X,G, 51
AGmix = AH mix _TASmix 00.0 0.2 0.4 0.6 0.8
AH - — QXAXB Composition, X,

AS;ix = ~RIXAIn X, + XgInXg]
So Gk can bewritten as AG_ = QX , X, + RT[X,InX, + X, InX,]

Following, total free energy of the system after mixing can be written as

G=X,G, + X, G, + QX X5+ RT[X,In X, + X InX,]

1.0



Entropy of mixing - Schematic
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Qnmixed state

In the case of two gases initially separated by a barrier, which
is alowed to mix on the removal of the barrier: the number of
mixed states are very large compared to the unmixed states.
Hence, if al configurational states are accessible, the system
will more likely found in the mixed state. |.e. the system will
go from a unmixed state to a mixed state (worded differently
the system will go from order to disorder).

On the other hand it is unlikely (improbable) that the system
will go from mixed state to a unmixed state. (Though this is
not impossible  i.e. a mixed system can spontaneously get
unmix itself!!)

Mixed states with various degrees of mixing

Note: the profoundness of the concept of entropy comes

fromits connection to energy (via T)

18 mixed states
2 unmixed states

oo o —® o —9 0 e — e ——8—— &

/\\

un

* e assume that all states have equal probability of

Unmixed state occurring and are all accessible




Free energy of mixing

We need to consider three situations for different kinds of enthalpy of mixing
Situation 1: Enthalpy of mixing is zero

G =G, +AG,

At low temperature, T

~ -
~ -
\~~————'” 55——_—__———__—’

Free energy, G

With the increase in temperature, -T S,
will become even more negative.

Thevalues of G, and Gz also will decrease.

Following the slope G, might change since

temperature.




Free energy of mixing

e T

- ~ -
- -~
-

At low temperature, T

——— —_\ —— ~§

-
‘—___—’ ‘————‘ -~

Gy Negative TS,
H

mix

Here both H_;, and-T S, are negative

Free energy change, G

With increasing temperature G will become even
more negative.

Note that here also G, may change the sope
because of change of G, and G; differently with
temperature.

0 Composition, X g 1



Free energy of mixing

Situation 3: Enthalpy of mixing is positive At low temperature, T
—’X G + X G (+ QX A X -I*»RT[X In X, + X In)} ] / A
G, Positive H,, -T S,ix _ -
Ho s positive but -T S, is negative. At lower g, [-~" 6,=* CRENLS /
temperature, in a certain mole fraction range the ‘R TAS...
absolute value of  H;, could be higher than T S, § - higr'.;mperamrﬂ‘
so that G goes above the G, line. 2 P
However to G, and G G will dways be lower than 3 Vi G
G, since H,,, has a finite sope, where as S, E / \
has infinite slope. The composition range, where G £ 0, =XaOn* %808 .0
is higher than G, will depend on the temperaturei.e, /-~ /
Because of this shape of the G, we see miscibility \ T
gap in certain phase diagrams.
At higher temperature, when the absolute value of - x\ ( /
T S, Wwill be higher than H_,  a all =

compositions, G will be always lower than G, 0 Composition, X
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Both the liquid and solid phases can stay together
because overall free energy will be less than the free

Compaosition, Xg

energy when considered separately.

With decreasing temperature, free energy
for the solid, G5 and liquid phase G, will
change differently with different rates of
change of G, and Gg.

At higher temperature, G, < G4 (fig a), so
that the liquid phase is stable. At lower
temperature Gg < G, (fig e) so that the solid
phaseis stable.

In between, Gg and G, intersects to find the
situation as explained in Fig. c.

Common tangent drawn gives the
composition range where both solid and
liquid phases can be found together.

That means, if average composition is Xg*
as shown in the phase diagram, it will have
the solid phase with composition of X and
the liquid phase with composition of X
Phase fractions can be found with the help
of lever rule.




Free energy Vs Composition Phase Diagrams
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This kind of phase diagram is found
when the system has positive enthalpy
of mixing, especialy for the solid
phase.
Because of the shape of the G¢ at low
temperature as as shown in Fig. e, it is
possible to draw a common tangent,
which indicates that the solid phase
with the average composition between
,and , will have a phase separation .
This corresponds to the miscibility gap
In the phase diagram.
It may also come to the situation, as it
Isshown in Fig. ¢, G, and Gg intersects
twice. In that case these will be two
separate regions where both the solid
and liquid phases coexist.




Free energy Vs Composition Phase Diagrams

Temperature, T

Froa anargy, G
S P

Compositon, Xg

:_ulp J Temperature,T, G:.
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In this system, there are two solid
state phases and one liquid phase.
So three free energy curves
should be considered.

At certain temperature, Tg, one
common tangent can be drawn,
which will touch all the free
energy Curves.

This indicates that al the three
phases at a particular
composition E, as shown in Fig.
d and f can coexist. Thisis called
eutectic point.




Free energy Vs Composition Phase Diagrams

Temperature,T
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phaseisan intermetallic compound that is an ordered phase with very narrow homogeneity range.
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Sometimes phase can be found with wider homogeneity range.



Concept of the chemical potential and the activity of elements

Gibb sfree energy, G is function of temperature, T, pressure, P and amount of elements, n,,
Ng,

G=G(T,P 5, & )
At particular temperature and pressure, partial derivative gives

dG :a—GdnA +a—GdnB
on, ong
= padn, + pgdng
96G = u, Isthechemical potential of element A. It measures the change in free
on, energy because of very minute change of element A.
oG - IS the chemical potential of element B. It measures the change in free

Hg

E energy because of very minute change of element B.

It should be noted here that the change should be so minute that there should not be any
change in concentration because the chemical potential is a concentration dependent

parameter.




Concept of the chemical potential and the activity of elements

Let us consider an alloy of total X moles where it has X, mole of A and Xz mole of B.
Note that x is much higher than 1 mole.

Now suppose we add small amounts of A and B in the system, keeping the ratio of X, : Xg
the same, so that there is no change in overall composition.

So if we add four atoms of A, then we need to add six atoms of B to keep the overall
composition fixed. Following this manner, we can keep on adding A and B and will reach

to the situation when X, mole of A and X; mole of B are added and total added amount is
Xpt+Xg =1

Since previously we have considered that the total free energy of 1 mole of alloy after

mixing is G, then we can write
G = Uy Xy + Up XK

Previoudly, we derived

G =X,G, + X G, +QX, X, +RT[X,In X, + X, InX,]

Further, we can write X Xg = XiXB + XAXé

G=X,(G,+QXZ+RTInX,)+ X, (Gg + QX% +RTInX})




Concept of the chemical potential and the activity of elements

Further, comparing the expressions for free energy, we can write
U, =G, +QX:+RTInX,
U, =G, +Q@1-X,)°+RTInX,
Uy =G, +Q1- X)) +RTIn X,

In terms of activity

Uy, =G,+RTIna,
Uz =G + RT Inag

So the relations between the chemical potential and activity are

RTIna, =Q(1-X,)2+RTInX,
RTIna, =Q(1- X,)*+RTInX,



Concept of the chemical potential and the activity of elements

Activities and chemical potentials are
determined from a free energy curve after taking
aslope, asexplained in the figure.

If we are interested to determine the activities or
chemical potentials in a binary system A-B, let
say at X, we need to take a slope on the free
energy curve at the free energy, g and extended
It to pure element, A (Xg= 0) and pure element
B (Xg=1).

Free energy, G

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

G*/c

Composition, Xg

The point at which it hits Ng = 0, the value corresponds to the chemical potential of element

A( ) U

From previous slide, we can write ~ RTINa, =G, — 4,
S0, once the chemical potential is known, the activity of the element can be calculated using

the above equation, as explained in the graph.

It can be proved that, by taking slope and then extending to Xg = 0 and Xz = 1, we can find
the chemical potentials. We can write G =y, +ab

Further we can write a_b — ﬂ

; ab=Xged = Xg(Us — 1) | G = 1, X, + 15 Xy

X, 1




Concept of the chemical potential and the activity of elements

Further, we can write

Ap

= 2 (1-X,)’
X, RT

Q
In =B === (1-X,)’
=7 (L™ Xe)

Q
Va =€Xp ﬁ(l_ XA)2

|
|
|
|
|

_ Q 2 | a. = X exp—Q(l—X)2 = . X
a, = X, exp o7 1-X,)" =VaX, : B B RT B B”"B

|
|
I B @) B )
:l Ve = €XP _T 1 XB)

. arethe activity coefficient of element i.
Inanideal solution, =0,andA, =X;.

In anon ideal solution, activity coefficient indicates the deviation from the ideal
line.




Concept of the chemical potential and the activity of elements

1 1
O
< <,
-.*
€ %,

3 v < % @)

S Q %

: < . % Ya=exp — (1- X ,)?
5 o s % 3 RT = A
g 4 L > . %a A
- I & r— i
2 | e = % '. Q
u ] b ﬁ‘ L] — — 2
2 | g % | Vo =exp = (1= X,)

0 A e - TB u Yﬂ ok .

0 Composition, Xg [ 0 Composition, Xg :

In the case of positive enthalpy of mixing, activity deviates positively and in the case of
negative enthalpy of mixing activity deviates negatively from the ideal mixing line.

Xy =0y, - exp

ﬁ XA_’:LyA -1
Q Xy - -1
Xg = 0,/ — exp RT 5 ~ LV

Henry s law: activity of elements is more
or less the constant in a very dilute
solution.

Rault slaw: activity isequal to the mole
fraction near the mole fraction of 1.



Equilibrium vacancy concentration

Diffusion of elements is possible because of the presence of defects. For example,
substitutional diffusion occurs because of exchange of an atom with vacancies. Further,
impurities are present at the interstitial positions, which could diffuse to any neighboring
vacant interstitial sites. Thisis called interstitial diffusion.

Certain concentration of these impurities are aways present in the pure elements in
equilibrium condition, which will be discussed here.

Further in the intermetallic compounds (ordered phases), antisites defects also could be
present along with vacancies. Moreover, different sublattices could have different
concentration of defects, which makes the diffusion process complicated.

L et us not get confused with the structural defects present in pure elements.

To understand simple atomic mechanism of diffusion at this point, we shall calculate the
equilibrium concentration of point defects that is the equilibrium concentration of
vacancies and interstitial atoms in pure elements

Interesting point to be mentioned here that unlike dislocations, grain boundary or
interfaces, point defects are equilibrium defects. It means that the system will try to have
certain concentration of defectsto decrease the free energy.

L et usfirst calculate the equilibrium concentration of vacancies, because of which
lattice substitutional diffusion ispossible




Pure elements A and vacancies (V) can be considered as a mixture of two entities
and follow the similar treatment as we did to calculate the total free energy after
mixing of elements A and B.

It can be easily visualized how the movement of atoms can create vacancies in
the material in few steps.

Equilibrium number of vacancies is so small that we can neglect the interaction
between them.

This means that we are neglecting V-V interactions. This also means that we are,
at this point, neglecting the presence of divacancies, which are actually present in
the material.




Equilibrium vacancy concentration in a pure element

If we consider that the number of vacancies is very small then the increase of enthalpy
because of formation of vacancies can be written as

AH = X AH AXV is the mole fraction of vacancy and
% Y

AHV Istheincrease in enthal py because of one mole of vacancies

There will be the change in the pattern of vibration of atoms next to vacancies because of
extra free space. The increase in (thermal) entropy because of the extra freedom of
vibration can be written as

AS[hermaI = X AS, AS, istheincreasein entropy for one mole of vacancies

In both the cases, we are actually assuming linear relationship because of very small
concentration of vacancies.

NOTE: In the case of entropy change of A-B mixture, we did not consider the thermal
entropy change, since we are considering the change at a particular temperature. However,
In this case, although we are considering again at a particular temperature, we still need to
consider the contribution because of the change in vibration pattern of atoms next to
vacancies.




Equilibrium vacancy concentration in a pure element

Free energy, G

Further there will be change in configurational entropy considering the mixing of A and V

and can be expressed as (Note that we are considering X, + X, =1

AS =-R X, InX, + X, InX,]=-R X, InX, +(@-X,)In@-X,)]

config

Total entropy of mixing AS_., =AS, X, —R X, In X, +(@- X,)In@- X, )]
(Total contribution from thermal and configurational entropy)
Total free energy in the presence of vacancies

G=G, +AG
=G, +AH -TAS
Emanmd \ =G, + X,AH, —-T{AS, -R[ X, In X, +(1- X,)InL- X, )]

Note here that G of element A when vacancies are
present decreases. So always there will be vacancies
present in materials. Further G decreases to a minimum
value and then increases with the further increase in
vacancy concentration. So, in equilibrium condition,
certain concentration of vacancies will be present,
which corresponds to G..

v

Vacancy Concentration, X,




Equilibrium vacancy concentration in a pure element

Since the dope is zero at the minima, we can find the equilibrium vacancy concentration

from
dG -0
dX,
AH, -TAS, +RT InX, + X i—In(l—X )—(1-X) ! =
' X ’ (a-X,)

Since the number of vacancies that can be present in the system is very small
1-X, =1
AH, -TAS, +RTInX,, =0

Therelation for equilibrium concentration of vacancies can be written as

_OH STAS, o 4G

XE =X, =ex
Voo P RT RT

Although there is increase in configurational entropy because of the presence of vacancies,
it isnot included in the activation energy barrier, G,

Although there is activation energy barrier present because of formation, vacancies will
still be present because of overall decrease in free energy of the materials.




Equilibrium vacancy concentration in a pure element

From the equation in previous slide, we can also write

AH
Xo =X exp ——
v v EXp _T
H,, isthe activation enthalpy for the formation of vacancies and

Xy =exp % |s the pre-exponential factor.

The change in concentration of vacancies in pure Cu is shown in below graph,
considering activation energy for vacancy formation to be 83.7 kJ/mole.

107
§ 10 3
R
The concentration of vacancies in mole| 3 '3
. . E o 3
fraction at 1000C is 3.68 x 10% That| ¢ 10°%
means in a cube of 14 atoms in each Ry
direction, only one vacancy will be present %
- - 1072 4
in Cu at this temperature!!! 5
=4

w3

0 200 400 600 800 1000

Temperature, T (°C)




Equilibrium concentration of interstitial atoms

In many metals, especially in transition metals, interstitial atoms such as carbon, nitrogen,
oxygen, hydrogen can be present up to a certain extent depending on the metal.

There are mainly two types of interstitial voids present in the structure, where these atoms
can dit: tetrahedral (surrounded by four solvent atoms) and octahedral (surrounded by six
solvent atoms).

However, since impurities prefer to occupy octahedral interstices, we shall mainly
consider this type of voids only.

LET US FIRST CONSIDER A BCC CRYSTAL

In general the size of the interstitial atoms is much larger
than the interstitial void and lattice surrounding the
interstitial will be strained. That means enthalpy of the
system will be increased.

Consider the increase in enthalpy because of addition of
one mole of interstitial atomsis, H,

The enthalpy increment of the system because of addition
of X, isexpressed by A4 = X,AH,

whereX, =% Number of interstitial atomisn,

o




Equilibrium concentration of interstitial atoms

Further, there will be two different typesof contribution on entropy
Vibration of atoms A, next to interstitial atoms will change from normal mode of vibration
and will be more random and irregular because of distortion of the lattice
AShermal = XIA$

S Isthe change of the entropy of one mole of atoms because of change in vibration pattern
From the crystal structure, we can say that for 2 solvent atoms there are 6 sites for
interstitial atoms. So if we consider that there are N, numbers of A atoms then there will be
3N, humbers of sites available for interstitial atoms.
In other sense, we can say that n, atoms will randomly occupy in 3N, Sites available. So the
configurational entropy can be written as

AS.ps =kINW=KIn—N0! Following Stirli imation InN!=NInN-N
config N 13N, -n) ollowing Stirlings approximation InN!=NIn
AS,q = KIBNGIN3N, =y Inn; = (3N, =n; ) IN(SN, —n, )]

S, = R 3IN3N, —Iz—'lnnI —BNIO\I—_n'In(BNO—nl)

0 0




Equilibrium concentration of interstitial atoms

“R3N—No__N N

AS n
3N,—n, N, 3N,—-n,

config

3 - X
3- X, 3-X,

ASC()nﬁg =R 3In

So the total entropy change

3 _XI |nL
3-X, 3-X,

AS=X,AS +R 3In

Free energy in presence of interstitial impurities

G=G,+AG =G, +AH -TAS

3 _XI |nL
3-X, 3-X,

G=G, +X,AH, -TX,AS - RT 3In




Equilibrium concentration of interstitial atoms

To find the equilibrium concentration, we need to take

d—G:O
dX,
AH, -TAS, - RT - 3% ~InX, +In(3-X,) - X —p
3-X, X, 3-X,
AH, —TAS, +RT In A =0 since X, =0
N
X, =3exp _AH, TAS = 3exp _AG,
RT RT

G, isthe activation barrier.




Equilibrium concentration of interstitial atoms

LET US NOW CONSIDER A FCC CRYSTAL

If we consider FCC crystal, then the number of sites available for interstitial atoms are 4.
Further in a FCC unit cell, total 4 solvent atoms are accommodated. So we can say that for
N, solvent atoms there will be N, sites available for interstitial atoms. Like previous
example, we consider n, interstitial atoms which will occupy randomly.

Then following similar procedure, we can show the equilibrium concentration of interstitial
atoms present in a metal with FCC crystal as

A
X, =exp —R—(_;I\_’

So in general, we can write that the equilibrium concentration of interstitial impurities
i AG
present is X, =Bexp —R—_I_' B depends on the crystal structure

X, =X/ exp _AH,
RT

H, isthe activation enthal py for interstitial impurities

X% = Bexp A_RS IS the pre-exponential factor




Carbon Solubility in lron

‘@j\j / Solubility of carbon in Fe = f (structure, temperature)

Whereis carbon located in iron lattice ?

Octahedral
sites

6 faceﬁvshari ng with two sides (6/2)=3 Oneintergtitial site in center plus

12 edges sharing with four sides (12/4)=3 12 edges sharing with four sides (12/4)=3
Total sitesis (3+3), 6 per unit cell Total sitesis (1+3), 4 per unit cell

Every one Fe atom we have 3 interstitial sites | | Every one Fe atom we have 1 interstitial site




== \Why concentration of carbon in -Fe with BCC structure is less
than -Fe with FCC structure?

FIRST LET US CONSIDER FCC STRUCTURE ( -Fe)

Packing factor of FCC lattice 0.74

Thisindicates the presence of voids. Let us discuss it more elaborately.

In a FCC crystal there are mainly two types of voids:

Tetrahedral: coordination number (CN) is4. That means the void is surrounded by 4 atoms.
Octahedral: CN is 6. That means the void is surrounded by 6 atoms.

There are 8 tetrahedral voidsin aunit cell. That means 2 voids per atom.

There are 4 octahedral voids in a unit cell. That means 1 void per atom.

However, impurities prefer to occupy octahedral voids.

Because the ratio of the radius of the tetrahedral void to atom is 0.225 and the same for the
octahedral void is 0.414.

The ratio of the radius of the carbon atom (sizeis 77 pm) to Fe (when it has FCC crysta) is
0.596.

So when a carbon atom occupies any void, lattice will be distorted to increase the enthal py.
Distortion will be lessif it occupies the octahedral voids.

Although it increases the enthalpy, carbon atoms will be present up to a certain extent
because of the gain in entropy, as explained previously, which decreases the free energy.




FCC Carbon Solubility in Iron

Size of Fe atom r Fe :é:’iﬁzﬂg——z\;é;)

CCPcrystal Q ' Q Q

Size of the OV FCC (OCt) 0.534
Relative sizes of voids w.r.t atoms

Size of Carbon atom rC — 0_77 A

=~ - _———

Notethe differencein size of the atoms

BCC

- Fe —q4 9o9cQ A
T rae =1.258A

~~ -

Sizeof the TV XBCC (d tet) O 364A

Q'O O

Relative sizes of voids w.r.t atoms

Size of the OV ngc (d.oct) =0.195A

'Remember1

FCC Size of thelargest atom which can fit into the tetrahedral is 0.225 and octahedral void is 0.414
BCC Size of the largest atom which can fit into the d.tetrahedral is 0.29 and d.octahedral void is 0.154




=®=\Why concentration of carbon in -Fe with BCC structure is less

than -Fe with FCC structure?

NOW LET US CONSIDER THE BCC UNIT CELL ( - Fe)

Packing factor of BCC lattice 0.68. So total void in aBCC unit cell is higher than FCC cell.
However, there are 12 (6 per atom) tetrahedral and 6 (3 per atom) octahedral voids present.
This number is higher than the number of voids present in a FCC unit cell.

Unlike voids in FCC lattice, in a BCC lattice the voids are distorted. That means if an atom
sitsinavoid, it will not touch all the host atoms.

The ratio of the radius of tetrahedral void to atom is 0.29 and the radius of octahedral void to
atomis0.155.

The ratio of the radius of the C atom (size is 77 pm) to Fe (when it has BCC crystal) is 0.612.
So it is expected that in a BCC unit cell, impurities should prefer tetrahedral voids.

However, although the octahedral void size is small, planar radius which has 4 atoms on the
same plane is 79.6 pm, which is larger that the C atom size. That means it needs to distort
only other two atoms.

On the other hand if C sitsin the tetrahedral void it has to distort all four atoms. Soin  Fe
with BCC unit cell C occupies the octahedral voids

Now the octahedral void size in g-Fe (FCC) is higher than a-Fe (BCC). So naturally the
distortion in a BCC cell will be higher and the activation energy for impurities to occupy a
void in aBCC cell aso will be higher.

Thisisthe reason that we find much lower solubility limit of C in a-Fe.




Why carbon preferentially sits in the apparently smaller octahedral void in BCC ?
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|gnoring the atom sitting at B and assuming the interstitial atom touchesthe atom at A ,

2a
OA=r + X, \/_ BCC =1.258 A T ] r
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2./671 BCC : \/éa =A4r J/ B
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=== \Why concentration of carbon in -Fe with BCC structure is less
- than -Fe with FCC structure?

L et us consider the C concentrationin -Fe (BCC)

773009 773009
Wt% = 240exp — R'I'%ml Interms of molefraction X, =11.2exp - R'I'%ml

<
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Carbon concentration mole fraction (X))
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At 727 C, carbon concentration in  -Fe is maximum (0.022 wt%), which is equivalent to
mole fraction of ~103. That means there is one C atom present in a cube of 10 atoms in

each direction. That further means that only one carbon atom is present in 3000 octahedral
voids




KINETICS

In earlier we are learned about Equilibrium we had seen that the thermodynamic feasibility
of processesis dictated by Thermodynamic Potentials (e.g. Gibbs Free Energy, at constant
T, B N,).

If (say) the Gibbs Free Energy for a process is negative then the process CAN take place
spontaneoudly.

However, |F the process WILL actually take place (and if it will take place- how long will it
taketo occur?)  will be determined by the Kineticsof the process.

Deeper the metastable energy well , higher will be activation energy required to pull the
system out of the well and take it to the equilibrium state (or some other metastable state).

To give an example: Fe,C is a metastable phase. it can decompose 3Fe + C after hundreds of
years. Thermodynamics warrants, Kinetics delays

For a given process to occur heat and mass transfer may have to take place and this would
taketime hencein kinetics we deal with time and rates (1/t) .

Thermodynamics dictates that the state should transform to the stable state.
However, how fast this transformation can occur cannot be answered by
thermodynamics alone. Determining the rate of such transformation comes under
the realm of kinetics.




KINETICS

For example, consider Figure 1, which shows variation of Gibbs free energy of a system
versus an arbitrary unit (say atomic arrangement).

Thermodynamics tells us that if the system is at some meta-stable state-1, it has to transform
to the stable state-2. The difference of Gibbs energy ( G, - G; = Gy, ) 1S the driving force
for transformation.

However, it should be noted that while moving from Activated stahs
state-1 to state -2, the system has to actually cross

\ o
G tiv
the hump i.e., it has to go through a higher energy ) \ /\ AL
state-A. This state-A is called as activated state and | | 1 ).

the difference in Gibbs energy ( Gy, G uq) IS

called as energy barrier since it actually resists the G AG,,,
system from transforming from metastable state-1
to stable state-2. Gaoie 2

The energy G, is also called as Gibbs free energy
for activation of the process.

Atomic arrangement ——>

The energy required to overcome the barrier is usually provided by thermal vibrations of the
atoms and hence these processes are called as thermally activated proce sses .




KINETICS

The kineticstells usthat the rate of the process should be proportional to:

Rate L1 exp ~AG,
RT

(or)

Rate=K_exp —AE, K, isa constant and E, isthe energy (or
° RT enthalpy) of activation.

Most of the transformations are brought about by diffusion mechanisms. The diffusion itself
Isathermally activated process. Thus, diffusion coefficient can be expressed as.

-Q; D, isaconstant and Qq isthe activation

D=D,exp energy of diffusion




Questions?

. The specific heat of solid copper above 300 K is given by Cp =22.64+6.28x10™°T J mole™ K,
By how much does the entropy of copper increase on heating from 300 to 1358 K?

Draw the free energy temperature diagram for Fe up to 1600°C showing all the allotropic
forms.

. From the thermodynamic principles show that the melting point of a nanocrystalline metal
would be different from that of bulk metal. Will the melting point be different if the
nanoparticle is embedded in another metal ?

. What is Clausius-Clapeyron equation? Apply it for the solidification of steels and gray cast
iron.

. If the equilibrium concentration of vacancies in terms of mol fraction at 600 C is 3x10°
calculate the vacancy concentration at 800 C. R = 8.314 Jmol.K

For aluminium H, = 0.8 eV atom! and S, /R = 2. Caculate the equilibrium vacancy
concentration at 660°C (T ) at 25°C

Derive ASGy = —RIX,In X, + X5 In X,]
. Show that the free energy of a mixture of two phases in equilibrium in a binary system is
given by the point on the common tangent line that corresponds to that overall composition.

Show that the free energy of a mixture of phases of any other composition or a single phase
IS higher.




Questions?

8. Draw the G-X diagrams at the temperatures shown in Figs. Please note that the crystal
structure of both the pure metals in the phase diagram is the same.
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9. For a single-component system, why do the allotropes stable at high temperatures have
higher enthal pies than allotropes stable at |ow temperatures.

10. Derivefollowing equations =X ,G, + X,Gy + QX X, + RT(XAIN X, + X, InX,)
Uy =G, +Q1- X,V +RTInX,
11. Calculate the free energy of Si at 1186 C from the known values, as given below:
A=23.698,B =3.305x10"°,C = 4.35x10°and AS,,, =18.81J / mol k




Questions?

12. Identify the errors in the binary phase diagram given in Fig., give the reasons and draw the
corrected phase diagram.
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13. Consider an aloy of elements A and B, with the composition of X,=0.25 andXz=0.75. If
the free energy of the pure elements, A (G,) and B (Gg) are -45.1 kJ and -48.3 kdJ/mole at
950 C, then (@) Calculate the free energy after mixing at this temperat ure for two cases,
whenenthalpy of mixing H,;,= -3.1 kImole and +2.7 kJmole.(b) Further, calculate the

activity and chemical potential of element A at thattemperature for H_,; = -3.1 kJmole.
14. Derive the Gibb s phase rule.




Questions?

15. 15 g gold and 25 g of silver are mixed to form a single-phase ideal solid solution

a) How many moles of solution are there?

b) What are the mole fractions of gold and silver?

c) What isthe molar entropy of mixing?

d) What isthe total entropy of mixing?

e) What isthe molar free energy change at 500°C?

f) What are the chemical potentials of Au and Ag at 500°C taking the free Au atom s
added? Express your answer in eV atom-,

g) By how much will the free energy of the solution change at 500°C if one Au atom is
added? Express your answer in eV atom!
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Introduction

Diffusion is defined as, random movement of atoms/ moleculesin solid, liquid and gas. For
example dissolution of ink in water and smoke in air

It can also defined as, Diffusion is a process of mass transport by atomic movement under
the influence of thermal energy and a concentration gradient.

To comprehend many materials related phenomenon one must understand diffusion.

Role of Diffusion

Oxidation Creep

Sintering

Doping Carburizing

Many More...!

Materials Joining : Diffusion Bonding




Diffusion Phenomena

Mass flow process by which species change their position relative to their neighbors.

Driven by thermal energy and a gradient
Thermal energy  thermal vibrations ~ Atomic jumps

Atoms move from higher to lower concentration region. If this movement is from one
element to another e.g. Cu to Ni, then it is termed as Inter-diffusion. If the movement is
within ssmilar atoms as in pure metals, it is termed self-diffusion.
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Diffusion under thermodynamic driving force

As explained before and in the figure, the
chemical potential of elements a any
composition can be determined by taking a slope
on the Gibbs free energy curve and then by
extending it to Xg = 0 (chemical potential of
element A, ,) and Xg = 1 (chemical potential
of element B, )

From the chemical potentials, we can determine
the activities, a, and ag from the knowledge of
free energies of pure elements. Composition, Xg

-RTlna, =G, - U, -RTlnag; =G; — 14

Free energy, G

So it must be clear that 5 decreases from Gg at Xg = 1 to ainfinitely small value close to
Xg = 0.

Following, a; decreasesfrom 1 at Xz = 1to 0 at Xz = 0. It may vary ideally, that isag = Xg
or deviate positively/negatively, as explained previoudly.

Similarly, , decreases from G, at Xg = O to a infinitely small value close to Xz = 1. a4
decreasesfromlat Xg=0toOat Xg=1

So, ,anda,, and g and ag follow the same trend of increasing or decreasing with Xs.




Diffusion under thermodynamic driving force

Now let us consider, two different AB alloys P (A rich) and Q (B rich).

If these aloys are kept separately, these aloys will have free energy of Gy and G,
respectively.

However, if we bond these two blocks, they will not be anymore in equilibrium condition.

If the amount of material P and Q are taken such that overall mole fraction is R, then the
equilibrium free energy will be Gg.

S0 the system will try to move to its new equilibrium free energy.
Now if we dont melt the alloy, it can only move to the equilibrium composition by solid

state diffusion.

o
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@ P Q
S Ha > Ky
& uf < pg
L.

Composition, Xg




Diffusion under thermodynamic driving force

If it is held at elevated temperature at which diffusion rate is reasonable, the system will
reach to the equilibrium after certain time depending on the diffusion rate.

It can be seen that at equilibrium aloy R, the chemical potential of A is 4 , which islower
than thchhemi cal potential of the same element, 4, , in aloy Pbut higher than in alloy Q,
that isty .

On the other hand, 5 islessthan 4 but higher than s .

So to reach the equilibrium, the alloy P should decrease the chemical potential of A and
iIncrease the chemical potential of B. On the other hand, the alloy Q should increase the
chemical potential of A and decrease the chemical potential of B.

Since the chemical potential of A decreases from the A rich to the B rich alloy and the
chemical potential of B decreases from B rich to A rich alloy, P should decrease the content
of A and Q should decrease the content of B.

In this condition it is possible only by the diffusion of element A out of P and diffusion of
element B out of alloy Q, as shown in the figure in the previous dlide.

If we allow the system to go to equilibrium at temperature T, there will be no compositionin
the blocks P and Q at time zero that ist,. Then with the increase in time in the order of t;>
t, > t, > t,, as shown in the figure (next slide), interaction zone increases. Following, after
infinite time of annealing, t it will reach to equilibrium composition.




Note here that infinite time is rather notional. It means that long time enough to reach it to
equilibrium. So this time will depend on the thickness of the blocks and the diffusion rate at
the temperature of annealing.




Diffusion under thermodynamic driving force

Now let us consider a system with miscibility gap.

If we anneal two block with any compositions at
temperature, T,, the explanation of the diffusion process
will be similar as explained before.

However, if we couple two blocks with the composition
of Pand Q, which are inside the miscibility gap, different
situation will happen.

From the slopes taken at Pand Q, we find

Hn<pp and  pg <pg
That means, the chemical potential of A islessin A rich
aloy, P compared to the A lean alloy, Q.

Similarly, the chemical potential of B is higher in B lean
aloy, P compared to the B rich aloy, Q.
If we couple blocks of P and Q then the average free

energy of the systems, let say, R depending on the relative
amounts of Pand Q.

However, since the system always tries to decrease free
energy, it will try to reach to the lowest free energy G,

and G,

Free energy, G

3w

Composition, Xg

P(A-rich)

MR < MG




Diffusion under thermodynamic driving force

That means A rich aloy P should increase the content of A and the B rich alloy Q should
Increase the content of B.

From the chemical potential point of view also it must be clear that B will diffuse out of the
B lean aloy Ptowards Q and A will diffuse out of the B lean alloy Q towards P,

The direction of elementsis just opposite compared to the previous example explained.

Since elements diffuse up the concentration gradient instead of down the concentration
gradient, it iscalled uphill diffusion.

In terms of chemical potential gradient

:“A HA '“A Ha J,=-D dis  Since A diffuse from Qto P and
A A A A )
AX AX dX  and B diffusefromPto Q
He ~ Mg He ~ Mg __p 9
J.a J,a Jo=-D
2T Ax A Ax ° ® dx
In terms of concentration gradient
C; -C% dC
4= Da Adx ~ =D, dxA
Cy-CF dC
Je = Ds de = Je=De de

It can be seen that negative sign is not present in the Fick sfirst law for this case.
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Diffusion under thermodynamic driving force

In previous dlides we have shown diffusion of elements because of chemical potential driving
forces. However, diffusion occurs even without the presence of thermo dynamical driving force
or any other driving forces.

For example, in pure material, where there are no forces present but atoms still to jump to another
position.

In a low melting point material, like in Sn or Pb, jump of atoms possible even at room
temperature. However, jump of atoms in this case is completely random. Presence of driving
forces rather make net flux of atoms to a particular direction.

To test the possibility of diffusion without any driving forces tracer diffusion experiments are
conducted. Radiotracer elements which has one or two neutron mass difference are deposited on a
material of the same element and then annealed at elevated temperature.

Concentration of these tracer elements can be measured at different depths even in low
concentration because of radiation of different rays

As shown in a schematic figure, these tracer elements diffuse | 'so'res®
inside the material. Since both are pure elements there is no
chemical potential difference.

These tracer elements are used to trace the diffusion of elements.

There will be very small gain (increase in entropy) because of
spreading of these tracer elements.

If we do not use the tracer elements we will not be able to detect
the jump of atoms.

Element A t

0
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Diffusion Mechanism

Diffusion of atoms involves movement in steps from one lattice site to the another. An
empty adjacent site and breaking of bonds with the neighbor atoms are the two necessary
conditionsfor this.

Vacancy M echanism

This mechanism involves movement of atoms (we are interested in substitutional atoms)
from a regular lattice site to an adjacent vacancy. Since vacancy and atoms exchange
position, the vacancy flux isin the opposite direction.




Diffusion Mechanism

| nterstitial M echanism

This mechanism Involves migration of atoms from one interstitial site to a neighboring
empty interstitial site.

Usually the solubility of interstitial atoms (e.g. carbon in steel) is small. This implies that
most of the interstitial sites are vacant. Hence, if an interstitial species wantsto jump, most
likely the neighboring site will be vacant and jump of the atomic species can take place.

This mechanism is more prevalent for impurity such a hydrogen, carbon, nitrogen, oxygen
which are small enough to fit into an interstitial position.

Inter titial Interstitial

O .&%’/ o 000
atom




Diffusion Mechanism

Atom I nterchange M echanism

It is possible for movement to take place by a direct interchange between two adjacent
atoms or by afour atom ring interchange.

However, these would probably occur only under special conditions, since the physical
problem of squeezing between closely packed neighboring atoms would increase the barrier
for diffusion.

Note: The rate of diffusion is much greater in a rapidly cooled alloy than in the same alloy
slow cooled. The difference i< due to the larger number of vacancies retained in the aloy by
fast cooling.
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Diffusion Mechanism

Pipe Diffusion

When diffusion occurs via edge dislocation, it is called pipe diffusion.
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Sinceit feelslike movement of atoms through a pipe.
Note that both interstitial and substitutional diffusion can occur via dislocations.

Even impurities are attracted by the dislocations because of availability of more space and
chance to release stress.

This is aso the reason (more open space) that it has lower activation barrier and diffusion
rate through disocation is higher than the diffusion through lattice.




Diffusion Mechanism

Grain boundary diffusion

Diffusion occurs via grain boundaries even easily and it is called grain boundary diffusion.

Since grain boundaries are relatively more open structure compared to atomic structure
inside the grains, the barrier for diffusion through grain boundary is much less and the
diffusion rate is higher.

Rate of diffusion increases with the increase in misorientations.




Diffusion Mechanism

Surface diffusion

When diffusion occurs over a surface, it is called surface diffusion.

Here activation energy for diffusion is the lowest since there are no atoms above the atom
of interest, which exchanges position with the vacancy. So diffusion rate is the highest

compared to other diffusion mechanisms.
w

Grain
boundary

lattice

Diffusion coefficient

Surface diffusion

1T

Note that both interstitial and substitutional diffusion can happen through, lattice,
dislocations, grain boundaries and surface.

Slope of the diffusion coefficient vs. /T gives the activation barrier for diffusion.
Activation barrier is the lowest and diffusion rate is the highest for the surface diffusion.
Activation barrier is the highest and diffusion rate is the lowest for lattice diffusion.




Diffusion Mechanism

Diffusion Couple

When two blocks with different compositions are joined (coupled) together and annealed to
allow diffusion between them, it is called diffusion couple.

A

- —-—I

Anneal

| nterdiffusion (chemical diffusion)

Since elementsin the diffusion couple interdiffuse to each other, it is called interdiffusion.

The diffusion coefficient is in general called as interdiffusion coefficient and if sometimes
any new compound forms during the diffusion at the interface, occasionaly, it is called
chemical diffusion coefficient.

Note that actually elements A and B diffuse. Diffusion of these elements are called intrinsic
diffusion of elements.




Diffusion Mechanism

Self diffusion

When diffusion occurs without any presence of driving force, it is called self diffusion.

Atoms vibrate at their positions and because of some violent jumps, it can cross the
activation barrier to make the jump successful.

Since there is no driving force to direct the jump of atoms to a particular direction, self
diffusion istruly random in nature.

This indicates that when a pure metal is kept at elevated temperature jump of atoms is
always happening.

In low melting point metals, like In or Sn, even at room temperature, atoms exchange their
position.

However, since these are very small in size, we cannot follow a particular atom jump.

We shall see that the jump can be many orders of magnitude in one second. This makes it
even difficult to follow the jump of atoms.

To obviate this problem, concept of tracer diffusion is introduced.




Kirkendall Effect

If the diffusion rates of two metals A and B into each other are different, the boundary
between them shifts and moves towards the faster diffusing metal.

Arich & B-rich Diffusion rate
Jp> Jg
t=t, t=time

-
bl -

t=0 A

This is known as kirkendall effect. Named after the inventor Ernest Kirkendall (1914-
2005). It can be demonstrated experimentally by placing an inert marker at the interface

B
_
Materials A and B welded together with inert | (Il
marker and given a diffusion anneal
Usually the lower melting component diffuses
faster (say B) <

T
|
v

Inert Marker thinrod of a high melting material whichis
basically insolublein A& B




Kirkendall Effect

Zn diffuses faster into Cu than Cu in Zn. A diffusion couple of Cu and Zn will lead to
formation of agrowing layer of Cu-Zn aloy (Brass).

time, t=0 t=t t=t2 >ty

Zn — Zn Cu
=it

Brass

Same will happen in a Cu-Ni couple as copper diffuses faster in nickel than nickel in
copper.

Since this takes place by vacancy mechanism, pores will form in cu (of the Cu-Ni couple
as the vacancy flux in the opposite direction (towards Cu) will condense to form pores.
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steady and non-steady state diffusion

Diffusional processes can be either steady-state or non-steady-state. These two types of
diffusion processes are distinguished by use of a parameter called flux.

It is defined as net number of atoms crossing a unit area perpendicular to a given direction
per unit time

A schematic view of concentration gradient with distance for both steady-state and non-
steady-state diffusion processes are shown below.

Flux (J) (restricted definition) Flow/area/time [Atoms/ m?/ ]

0
0

Steady state
J Zf(x,t)

Concentration
Concentration

C,

Non-steady state
J = f(x,t)

Distance, x Distance, x
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Fick s | Law

Steady-state diffusion is described by Ficks first law which states that flux, J, iIs

proportional to the concentration gradient.

The constant of proportionality is called diffusion coefficient (diffusivity), D (cm?/sec).
diffusivity is characteristic of the system and depends on the nature of the diffusing
gpecies, the matrix in which it is diffusing, and the temperature at which diffusion occurs.

Thus under steady-state flow, the flux is independent of time and remains the same at any
cross-sectional plane along the diffusion direction. for the one-dimensional case, Fick s

first law is given by

J = atoms/ area/time L1 concentration gradient

dc

Jl—/———J=-D— ————>J=——=-D—

ax

No. of atoms crossing
areaA per unit time

Diffusion coefficient/ <
diffusivity

\ﬁ

dt

dc
dx

Concentration gradient
g *dC / lon gradi

1 1@«

1 dn dc

A dt dx

J Zf(x,t)

Steady state

—> Cross-sectional area

The minus sign in the equation means that

diffusion occurs down the concentration gradient




Fick s | Law

In Ficks | law, minus sign comes from the fact that matter flows down the concentration
gradient. It is not necessarily truein al the cases.

Matter may also diffuse up the concentration gradient, which is called uphill diffusion.

Fick s first law can directly be applied in the case of Carburizing
steady state, as shown in the example below. il

Steady state means that there will not be any change in ¥ :
the composition profile with time. ” | /
If we pass carburizing gas through the pipe as shown in o i {
the figure and decarburizing gas outside the pipe, a N
steady composition profile may develop. | I e
Concentration gradient can be calculated following: 1 |

......................

Lr e e et e e et e Rt

dc_ C-C,_ C,-C %

dx d d e

From this, one can calculate the flux from the known
diffuson coefficients of carbon or the diffusion
coefficient from the flux determined.

Concentration of Carbon

Distance, x



The steady-state diffusion is found in the purification of hydrogen gas.

Solved Compute the number of kilograms of hydrogen that pass per hour through a
=E] MY | 6-mm-thick sheet of palladium having an area of 0.25 m2 at 600 C. Assume a
diffusion coefficient of 1.7 x 108m? / s, that the concentrations at the high-
and low-pressure sides of the plate are 2.0 and 0.4 kg of hydrogen per cubic

meter of palladium, and that steady-state conditions have been attained.

This Problem calls for the mass of hydrogen, per hour, that diffuses through a pd sheet.

Fromthe Fick sl law:

Ac
M = JAt =-DAt—
AX
_ 3
= —(L7x10"°m? /5)(0.25m?)(3600s/ hy 24— 20ka/m
6x10°s

= 4.1x10kg/ h




A sheet of BCC iron 2 mm thick was exposed to a carburizing gas atmosphere on one
side and a decarburizing atmosphere on the other side at 675" C After having reached
steady state, the iron was quickly cooled to room temperature. The carbon
concentrations at the two surfaces of the sheet were determined to be 0.015 and 0.0068
wt%. Compute the diffusion coefficient if the diffusion flux is 7.36 x 10° kg/m?-s
(Hint : convert the concentrations from weight percent to kilograms of carbon per
cubic meter of iron.

Solved
Example -2

This problem calls for computation of the diffusion coefficient for a steady-state diffusion
Situation. Let us first convert the carbon concentrations from weight percent to kilograms
carbon per meter cubed using below equation.

For 0.015 wt% C
’ C ; C = 0.015 %10° -
C c = ¢ x10 c~ 0.015 99.985 :118kgC/ m
& + & : + :
0. P 225  7.87
Similarly, for 0.0068 wt% C
o 0.0068 s | |=0535kgC/ '
Cc= 50068 , 99.9932 x10 J
2.25 7.87
X,—X _ 3
D=-J—"—"| |=—(7.36x10°Kg/n’ - ) 2>x107m .
C,—C; 1.18Kg/m’ -0.535Kg/m

=2.3x10"m? /s




Fick s Il Law

However, just the Fick sfirst law may not be useful to relate the flux and the concentration
profile, since, in most of the cases, systems develop non steady state concentration profile.

It means that concentration at a particular position changes with time.

For example, if we keep concentration of carbon on one of the Fe surfaces annedl,
composition profile will change with time, as shown in the figure.

Carburizing gas

We cant apply Ficks first law directly to
evaluate the concentration profile that develops
during diffusion in this case, since, as shown in
the figure, composition changes with annealing
time at a particular position. Cas
So we need to have a relation, which can relate
time aong with the concentration and the
position.

For that Ficks second law is derived. It is

derived using conservation of mass and Ficks
first law.

Fe

\ \
\ O\ .
t"l\"\ t2 \ t3 .
\ .
cn. \ -
0 Distance, x

Carbon concentration




Fick s Il Law

L et us consider avery thin dlab in the material.

J, isthe incoming flux, J, is the outgoing flux

So the amount of carbon coming in short time tisJ; t
(mole/m?) and going out is J, t (here J>J,)

If the dlab thicknessis X, then

J,—J)a :
&3:( 1~ ) Equation 1
AX
Further, flux change in the thin dlab can be considered,

linear and we can write

oJ _J,-J _ J-J,

Equation 2
0X AX AX
From Eqg. 1 and Eq. 2 e 8J
o o ox
Using Fick sfirst law
oC 0 0J oC 02]
— D— ' =D —
% ox Ix If D is Constant P D PV

Carburizing gas

Flux, J

Carbon concentration

o

0 Nistancs '«

-

l

s
Ji""‘-x_
dr

Distance, x



Solutions to Fick s second Law

Solution of the Fick s second law depends on initial and boundary conditions.

Further, D, in some cases, may be considered constant. That means D does not change with
concentration or position.

However, this condition meets only in very limited cases.

In most of the practical examples, D is a function of concentration. In this case, solution to
the Fick s second law is complicated.

So in the beginning, we shall solve the Fick s second law for constant D.
Solutions are mainly for two different types of conditions, small and large time val ues.

When diffusion annealing time is small, solution is expressed with integrals or error
functions. For long annealing time, it is expressed in terms of trigonometrical series.

Note that the long or short annealing time is rather relative. By saying long annealing time,
we mean that the complete sample is affected by the diffusion process and may lead to
homogenization.

By saying short annealing time, we mean that experiments are conducted such that whole
material is not affected by the diffusion process.




Solution for a thin film source

Let us consider that D is constant. That means D
does not change with the composition. Since at a
particular location C changes continuously with
annealing time, t or a particular C changes its
location continuously. From the assumption, we
can state that D isthe same at any location.

The meaning of the above statement will be more
clear, when we shall consider the change of D
with the change in C concentration.

Let us consider the situation, when a very thin
film of element B is sandwiched between material
A and then annealed at elevated temperature.

Note: One might ask, how thin it is?

By saying thin we mean that the amount of
material B is very low and even after total mixing
(full  homogenization) element B can be
considered as impurities in the material A. , : .

- 0 +m

That means, after deposition of B on A, the Distance, x
chemical potential gradient is negligible.

t=0




Solution for a thin film source

In other sense, we can consider this as an example of diffusion in the absence of any driving
force (although small driving force will be there from entropy of mixing)

Actual meaning will be clear, when we discuss about the atomic mechanism of diffusion!
We can consider that D is constant, since the material in which it diffuses has fixed

composition. c 3 ac 5C
For constant D, the Fick s 1l law can be written as P = D =D

oxX  OX x>

As shown in the previous dide, it i< seen that the element distribution after the diffusion can
be expressed by exponential relation.

Following the Fick s second law the distribution of element B in A can be expressed as
2

C X :
Cy(X) = tTCZ) exp — where C, isaconstant

B
This relation is developed based on the fact that composition profile shows exponential
decay from thin film source.

The correctness of the solution can be checked by differentiation of the equation with

respect to t and x and then using them in the Fick s second law to find the equal values on
both the sides.




Solution for a thin film source

Further, the boundary conditionthat C; =0,at X=® att=0and C,=w,at X=0att=0
also meet.

Now one might get confused, whenwesay C_ = , Since concentration of element B (=
Xg !V, =1V, cant be infinite any time and will have some definite value even at
completely pure state.

Here C; = isnotional and means that the element B is not diluted by any other element,
which further means that it isin pure state and for system it means that it has infinite source
of element B before starting the experiment.

We shall show that the absolute values of C; (x) or C, are not important but the ratio
Cg(X)/C, isimportant, where this solution is actually used to calculate the tracer or impurity
diffusion coefficient of the species.

Total material B (mole/m?) that was sandwiched before annealing can be found following.

M B - CB
+00 - 2
So we can write M.= —Bexp - dx
S et P 4Dt

Further, we consider A = means dx=(2,/Dgt)dA

2./Dgt




Sinceintegration gives , we get
Mg =2C,/D; exp(-A*)dA =2C, /7D,

Replacing thisfor Mz we find

2
Co(¥) = _exp -

2,/ TDgt 4Dt
Cg Vs. x describes the distribution of elements B.

dCg /dx describes (following the Ficks law) the
change in flux with respect to distance a a
particular annealing time.

d°C, _ dCy vsx texplainstherate of
dx? dt change of element B

The negative values indicate the region, where it
loses the element B and positive value indicates that
the region where it gains the element B. Note that
the region where it is losing or gaining the element
B depends on the time of annealing.

Distance, x

t=0

+ o0



Solution for a thin film source

t.>t,>t,

Cs

t.
— / % Thgw

=00 0 +0e0
Distance, x

The change in distribution of elements B with the increase in time is shown in the figure.

2
Co(X) Gt —exp ——
20Dt 4Dyt

Factor 2 comes from the fact that e ements diffuse both the sides from the source




Solution for a thin film source

If the element B diffuses to one direction then the factor 2 should not be considered.

2
Cal¥) = —aexp ——

Dt 4Dyt ol -

Mg X

bt 4Dgt

From the calculated slope, one can IncB
determine the diffusion coefficient from ‘ 4Dgt

INC;(x) =In

the known annealing time.




J Solution in semi infinite diffusion couples (error function analysis)

Let us consider now the semi infinite 4
diffusion couple of two blocks with ‘“

concentration of x=0

It means that, in a A-B binary system, it

Is bonding between two blocks made of R
pure A and an alloy of AB. 2N
Unlike the previous case, here, because 5 :
of the difference in the composition,
diffusion will be driven by the chemical
potential gradient.

0
=+

] cag, [ (-&))
- cX
2 rDyt | 4Dy |

Calx)

Concentration, C,

=]

E
Distance, x

However, we shall show later that the solution we are going to derive, can be used only in
the case where the concentration and the chemical potential difference of the end members
IS not much. That means diffusion coefficients do not vary significantly with the
composition.

Semi infinite means that, we anneal for a certain annealing time such that the end of the
initial materials are not affected by the diffusion of elements.




g o Solution in semi infinite diffusion couples (error function analysis)

Although the meaning of the semi infinite indicates that a good part of the end of the
diffusion couple should not be affected but actually even with one unaffected atomic layer
in the end is sufficient to consider the system as semi infinite diffusion couple!

This is important since otherwise we cant apply the relation derived here to determine the

diffusion parameter or to calculate the concentration profile from the known diffusion
parameter.

If this kind of situation shown below, one can calculate no. of B atoms are diffusing in a
metal isfollowing way

[
m -+

Concantration, Dﬂ

=0
Distancea, x

Col¥) _1 1+ erf X

cr 2 2,/Dgt




0
|
i3
{

o

=
-
-
r
o
rd
F
ry
# =
&

b

)

Concantration E‘-ﬂ
Concentration, Cy

L=
=
/
i

=0

Distanca, x )

Distance, x
CB(+X) _1 1+ erf X Gl _1 1 erf X
cr 2 2,/ Dyt C, 2 2,/ Dyt

It is apparent that the sign of x will depend on which side of the x = 0, we are interested to
calculate.

Further, if the composition profile isjust the opposite compared to the first example, it can
be shown that the relation becomes
Co® _1 L1 e

Cs 2F

Note: We always use + at superscript for the concentration to denote right hand side of the
coupleand - for the left hand side of the couple.
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Advantage of using this error
function is that one can
determine the values from a
table.



g o Solution in semi infinite diffusion couples (error function analysis)

In the previous case, we considered the diffusion between the diffusion couple of two
different blocks with composition Cz = 0, and C_ or otherwise Cz = Cg and 0.

That means in both the cases, it was a couple between one pure element and an alloy of AB.
Error function solutions given previously can be rewritten interms of normalized
concentration profiles as

Ca(X) - 0_1 1+ orf CB(_x)—Ozl 1—erf X

C -0 21/ C:-0 2 2,/ Dt

In some cases, it is possible that two aIons of AB are couples.
Now if we consider the diffusion couple between Cg and C; , where Cg >C; the relation
can be written as shown in Fig a.

Ce(¥)-C. 1 1+ X o C (X)=CB+Cg+CB—CE§ of X
o oo itet ® 2 2 2 /D.t
CB _CB 2 2 DBt B
(a) x:=u C; Cé x%D (b)
o r.:f’
8 8 :
c; A c;

Distance, x Distance, x



Solution in semi infinite diffusion couples (error function analysis)

Further, the relation in the case of diffusion couple, where C; and C. and C; > C; assho-
wn in figure b. (in the previous dide), it can be expressed as

Ce(0-C' 1 X C;+Cy _Cy-C; X

C.-C. 2 2,/Dt 2 2 2./Dyt

In the case of carburizing, we can see that the relation will be the same, irrespective of the
side on which carburizing is done, since in the case of Fig. a, X ispositive but in Fig. b, X is

erf

erf Or Cg(x)=

Carburizing gas

Carburizing gas

negative

| N

ty>ty >ty ib)

U
= |

Carbon concentration

S I

-

ta=t>ty .
/
/

/

/|
)

ya
e Sty
3

Carbon concentration

_ _—o-"""_rf- o ,/ Co

Distance, = o

C(x) = Cs - (Cs _Co)erf

2~/ Dt

C(x) =C, 1-erf

:C(X)—C
1 C—

0 —1+erf —

2~/ Dt

CO

X

2~/ Dt

for C,=0




Few important notes

So from the previous relations, it is apparent that the sign of x (whether positive or
negative) will depend on in which side of the x = 0, we are interested to calcul ate.

Note again that D will be more or less the constant at any position it is calculated. It was
also one of the assumptions for this derivation.

From the error function analysis above, we can see that, at x =0

N . C.(x=0-C, 1 1, .. _
fromtherelatlonm 11+ erf it comes 2(x=0) BZE CB(XZO):E(CB+CB)

C; -G 2\/ Ce-Cq

fromtherelation C(x)=Cg—(Cs—C,)erf ZJ_ it comes C(x=0)=C,

It indicates that in a system, where two blocks with different concentrations are coupled, at
X =0, which is basically theinitial contact plane, the concentration will be always average of
the concentration of theinitial materials.

Note that we need to locate anyway the initial contact plane after the diffusion process,
since x in the equation is actually measured from the location of the initial contact plane.

This also indicates that this equation can only be used when end parts of the couple is not
affected by the diffusion process, since otherwise at x =0, it will have another average value
depending on how much of the end members are affected.
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Solution for homogenization

Let us consider a system with a relatively long time of annealing such that system may
reach to homogeni zation.

Time is rather relative. In a small system, relatively small time can be considered as long
time because it will not take much time to homogenize. On the other hand in alarge system,
even longer time also may not be sufficient.

The coring effect generally seen as cast alloys during solidification, the first solid that forms
IS poor in solute. As the solidification progress, the new solid formed becomes richer &
richer in solute,

This give rise to coring i.e., continuous change of solute concentration from center of a
dendrite towards its surface. Thus, the concentration profile in a cored dendritic structure
can be approximated to a sinusoidal wave form as shown in figure.

2l

e 4
L]




Solution for homogenization

d

d

Now 1f the temperature of a two phase alloy 1s raised, 1t may form a single phase alloy by
dissolution of second phase 1.e., the solute will diffuse from precipitate into the matrix & the
concentration of matrix will keep increasing.

The diffusion process will continue until the whole matrix achieves a uniform composition.
Similarly in a heterogeneous alloy with large micro-segregation (as in a cored structure), we
often need to apply homogenization treatment, during which the solute diffuses into matrix
& until the whole alloy achieves a uniform composition.

We are interested in finding out the concentration profile changes with time during
homogenization, which in turn 1s used to decide the optimum homogenization time.
Although diffusion in three dimension does occur during homogenization, we assume that
the length dimension 1s much larger compared to the width of a layer.

The diffusion along width 1s more crucial for homogenization & we can approximate our
problem to unidirectional diffusion.

Let’s assume that the initial segregation pattern is defined by a sinusoidal function as shown

in figure (before page). 5 e
We can apply Fick’s II law for constant diffusion coefficient : 3t =D W

— . Tx
Initial condition is given as :att=0, Cxo =C+/L5SN T

C is the mean concentration & Byis the amplitude of the segregation pattern




Solution for homogenization

It is clear that the curvature of the profile between x = -l to x = 0 1s negative & hence, the
concentration will decrease 1n this region. Between x = 0 & x =+l , the curvature 1s positive
& hence the concentration in this region will increase.

At x =-l, x =0 & x = 1, the curvature being zero, no change in concentration will occur 1.¢.,
Ci—1r) = C, Copy=C Copy = C

One can write solution for C (x,t) using fick’s I law 1s

Mx -n°MN°?

= . n
C(X,t):C+,805|n|—.exp E Dt or

2

— . T1Ix -t
C..=C+p.9n — .exp — Wherer =
(x.0) JEn | P - 7D

T 1s called relaxation time. Thus (I/t) gives the rate of homogenization. It can be seen that
the rate of homogenization increases 1f diffusion coefficient increases. Similarly, rate of
homogenization 1s lower for larger values of period (21).

The amplitude (t) of the concentration profile at any time (t) is given by

-1
By = Boexp — Thus, relaxation time is the time at which the amplitude of the
r profiledrops to (1/e) times of it's original amplitude.

1
att=r,p, = p X [, Similarly, at t = 27, the amplitude drops to (%) & so on.




Summary on Fick s Il Law

Process Solution
— _ X Cs = Surface concentration
C=C.-(C.-C)erf ——
Carburisation s~ (Cs =) 2Dt CO = Bulk concentration
_ X

Decarburisation C=Ceert >JDt CO =Initial Bulk concentration

. C= C,+C, C-C, orf X C1 = Concentration of steel 1
Diftusion couple 9 2 2J/Dt C2= Concentration of steel 2

Homogenisation

Cmean = Mean concentration

0 = Initial concentration amplitude

= half wavelength
t = relaxation time

1~4




An FCC iron carbon alloy initially containing 0.55 wt% C is exposed to an
oxygen-rich and virtually carbon-free atmosphere at 1325 K (1052"C).
SEINIIERREY | Under these circumstances the carbon diffuses from the alloy and reacts at
the surface with the oxygen in the atmosphere; that is, the carbon
concentration at the surface position is maintained essentially at 0 wt% C.
(This process of carbon depletion is termed decarburization.) At what

position will the carbon concentration be 0.25 wt% after a 10-h treatment?
Thevaueof D at 1325 K is4.3 x10 m?/s.

This problem asks that we determine the position at which the carbon concentration is 0.25 wt%
after a 10-h heat treatment at 1325 K when C, = 0.55 wt% C.

€ =G, 020705 _ 4 ppp5=1-arf
C.-C, 0-055 2/ Dt z Erf (2)
¢ X 0.4545 0.40 0.4284
er — =0.
2v Dt Z 0.4545
Using tabulation of error function values and linear interpretation
Z-040 _ 0.4545-0.4284 045 04755

Z=0.4277

0.45-0.40 0.4755-0.4284

X

2~/ Dt

=0.4277 | x=2(0.4277)y/Dt = (0.8554),/(3.6x10*5)(4.3x10™*m? / )

=1.06x10"°m=1.06mm




Solved Nitrogen from a gaseous phase is to be diffused into pureiron at 675"C. If
Example - 4 the surface concentration is maintained at 0.2 wt% N, what will be the
concentration 2 mm from the surface after 25 h? The diffusion coefficient

for nitrogeniniron at 675"Cis1.9x1011 m?/s.

This problem asks us to compute the nitrogen concentration C, at the 2 mm position after a 25
h diffusion time, when diffusion is non steady-state.
C,.-C, _C -0 X
X0 =X =]-—¢f
C.-C, 0.2-0 2~/ Dt

2x107°m
=1-erf — =1-erf (0.765)
2,/(1.9x107 m? / 5)(25h)(3600s/ h)
Using tabulation of error function values and linear interpretation - Erf (2)
0.750 0.7112
0.765-0.750 _  y-0.7112 y = erf (0.765) = 0.7205

0.800-0.750 0.7421-0.7112 0.765 y

C =0 _10-0.7205 0.800 0.7421

0.2-0

C, = 0.056Wt%N




Atomic mechanism of diffusion

Till now, we discussed the diffusion process without going to the atomic level. By
measuring concentration profile, one can measure the diffusion coefficients.

However, to get further insights on the diffusion process, we need to understand the atomic
mechanism.

It is amost impossible to track the jump of any particular atom. However, based on the
experimental results, we can use logical arguments to explain the process in the atomic
level.

Mainly there can be two types of diffusion:

039'

. Solvent atoms
@ Interstitial atoms

Vacancy
As we have seen before that all elements will have some impurities. C, O, H etc. are

present in most of the metals in interstitial voids. So, here diffusion occurs by interstitial
diffusion mechanism.

Similarly vacancies are also always present. So substitutional diffusion is possible because
of presence of vacancies.

Let us first consider random jump of atoms that is diffusion without the presence of any
driving force.




Activation energy for diffusion

In a crystal, consider two adjacent interatomic planes separated by a distance and
perpendicular to the diffusion direction x. Let there be n, moles of the diffusing specie per
unit areain plane 1 and n, in plane 2, withn; > n, .

If is the frequency with which atoms jump from one plane to a neighboring plane (the
jump may bein either the forward direction or the backward direction)

Ny

1 . .,
Jio :Enll/ _ N 1
1 -
J2a T 2 6 0
S 0] o)
1. . s 0] <O o
‘J1—>2(net) =§V (n1 _nz) Equation - 1 S (0] 0]
a
o _n, . N
C, = n,=C,aand C, —;,nz =C,a (putinEg.l)

J :%v'(Cl—Cz)a Equation — 2

dc _C,-C, dc dc :
= C,-C,=a—(or)C,-C,=—-a— (putin Eq.2
dX a 2 1 dX( ) 1 2 dX (p q )
J . S J Y Equation 3
2 dx 2 dx




Activation energy for diffusion

Comparing Equation —3, with Fick’s first law, we see that D = % a9’

If we take into account the probability of jumps in three mutually peripendicular directions,
we can rewrite D = %azﬁ’ Equation - 4

For a substitutional atom diffusing via the vacancy mechanism, we have to consider the
availability of a neighboring vacant site for the atom to jump into.

The probability that the diffusing atom will find a particular neighboring site to be vacant is
AG

equal to exp (— R—;) ,where AG¢is the free energy of formationof a. mole of

vacancies.

The number of successful jump attempts by an atom 1s given by U exp (%) , where v 1s

the lattice vibration frequency and AG,, is the free energy maximum (per mole) along the
path to the vacant site.

AG,, 1s called the free energy of motion of a vacancy. The frequency v’ with which an atom
exchanges position with any of the neighboring sites is then given by

, AG AG; .
V'=Zvexp ——* exp — - Equation5
RT RT
Where Z 1s the coordination number. Substituting Eq.5 in Eq. 4, we obtain
1, AG, +AG;
D=—a"Zvexp -
6 RT




Activation energy for diffusion

d In simple cubic, FCC and BCC crystals, it turns out that 1 7?7 = &
6

 Where a, is the lattice parameter of the cubic crystals. In such cases, therefore,
) AG, +AG, _
D=ayvexp - — — Equation 6

[ Using AG = AH - TAS, we can write Equation 6 is

) AS, +AS, AH_+AH, _
D =ajvexp B exp — — — Equation 7

J Experimental data show that Q _
D =D,exp “RT Equation 8

[ Values of D, (called the frequency factor) and Q (called the activation energy for diffusion)
are obtained from measurements of D at different temperatures.
AS_ +AS,

' Comparing Equation 7 & 8, itis seenthat Q@ = AH,,, + AHf and D, = afv exp

 For interstitial diffusion in a dilute interstitial solution, the jump frequency into a given
: . iy o AG
neighboring interstitial site i1s 9 exp (— R—;") Here, AG,, represents the free energy

increase, as the diffusing atom moves from one interstitial site to the next. It 1s called the
free energy of motion of an interstitial.




Activation energy for diffusion

The probability that the adjacent site will be vacant is amost unity. Then the following
expression for D as afunction of temperature results:

-AG
D = a%vex m
% P RT

_AG 2 - Q
T =vagexp — =Dyexp ———
RT Voo &P RT 0 P RT

Now Q=AG_ =AH_-TAS_ activationenergy for migration

D =va exp

D=D,exp - A:Tm where D, =vaZexp - A:m pre exponential factor

H,, activation enthal py for migration

Activation energy can be determined from the diffusion InD,
coefficients calculated at different temperatures.

D =D,exp - InD:InDO—&
RT RT

Slope=-

InD
J.'.ll_g

So if we plot InD vs. /T, we can determine the activation energy
for diffusion, Q.

=




Activation energy for diffusion
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Factors affecting Diffusion

Ease of adiffusion process is characterized by the parameter D, diffusivity. The value
of diffusivity for a particular system depends on many factors as many mechanisms
could be operative.

Diffusing species

If the diffusing species is able to occupy interstitial sites, then it can easily diffuse
through the parent matrix. On the other hand if the size of substitutional species is
amost equal to that of parent atomic size, substitutional diffusion would be easier.
Thus size of diffusing species will have great influence on diffusivity of the system.

L attice structure

Diffusion is faster in open lattices or in open directions than in closed directions.

Presence of defects

As mentioned in earlier section, defects like dislocations, grain boundaries act as
short-circuit paths for diffusing species, where the activation energy is diffusion is
less. Thus the presence of defects enhances the diffusivity of diffusing species.




Factors affecting Diffusion

Temperature

Temperature has a most profound influence on the diffusivity and diffusion rates.
It is known that there is a barrier to diffusion created by neighboring atoms those
need to move to let the diffusing atom pass. Thus, atomic vibrations created by
temperature assist diffusion.

Empirical analysis of the system resulted in an Arrhenius type of relationship
between diffusivity and temperature.

Q

D=D,e ¥

Where D, is a pre-exponential constant, Q is the activation energy for diffusion, R
IS gas constant (Boltzmann s constant) and T is absolute temperature.

From the above equation it can be inferred that large activation energy means
relatively small diffusion coefficient. It can also be observed that there exists a
linear proportional relation between (InD) and (1/T). Thus by plotting and
considering the intercepts, values of Q and D, can be found experimentally (seein
next slide for clear understanding).




Diffusion paths with lesser resistance

Experimentally determined activation energies for diffusion !

qurface < Qgrain boundary < Qpi pe < QI attice

Lower activation energy automatically implies higher diffusivity

Core of dislocation lines offer paths of lower resistance PIPE DIFFUS ON

Diffusivity for a given path along with the available cross-section for the path will
determine the diffusion rate for that path

Comparison of Diffusivity for
self-diffusonof Ag Single
crystal vs. polycrystal

Polycrystal

Log (D)

Sngle
g
crystal

Qgrain boundary = 110kJ /mole

QLattice = 192 kJ /mole o
Increasing Temperature




Solved
Example - 5

This problem asks us to compute the magnitude of D for the diffusion of Mg in Al at

400"C (673K).

Using the following diffusion data, compute the value of D for the
diffusion of magnesium in aluminum at 400”C.

Doguginay =12 x 10 m?/s Q=131 KImol

131,000J / mol

D=(12x10"m’/s)exp -
(8.313 / mol —k)(673K)

=8.1x107"m?/s




Solved At what temperature will the difusion coefficient for the diffusion of
SCTIEENY | zinc in copper have avalue of 2.6 x 1016 m?/s

D, =2.4 x10° m?/s Q=189 KJmol

We are asked to calculate the temperature at which the diffusion coefficient for the

diffusion of Zn in Cu has a value of 2.6 x 101 m?/s. Solving for T from below
equation

T=- s
R(InD, —InD)

By using the given data we can get

) 189,000J / mol
(8.313 / mol —K)[In(2.6x107°*m* / s) - In(2.4x10°m*/ s)

= 901K =628°C




Solved The diffusion coefficients for nickel in iron are given at two
SEnlJEEwy | temperatures:

At 1473K 2.2 x10™ m?/s

At 1673K 4.8 x 104 /s

a) Determinethe valuesof D, and the activation energy Q
b) What isthe magnitude of D at 1300"C (1573K)

T=- Q, From this equation we can compute two simultaneous
R(In D, - InD ) equationsthey are

_ _5InD,—-InD,
InD, =InD, - 2¢(23 |InD, =InD, -2y} (@=RTT 7
R'T, R'T, T

[IN(2.2%107%5) - In(4.8x10™)
1 1
1473K  1673K

Q, =—(8.314J /mol —=K)

= 315,700J / mol




Now we can solve D, from this equation -—=C

D,=D,e ™

315,700J / mol
(8.313 / mol —k)(1473k)

=(2.2x107°m*/ s)exp

=3.5x10"m*/s

(b) Using these values of Dyand Qq D , 1573K isjust

315,700J / mol

D =(3.5x10"m*/s)exp —
(8.313 / mol — k)(1573k)

=1.1x10"*m?/s




Concept of random walk

We related the jump frequency without going into details of the possibility of next jump
after making a successful jump.

However, we find a very strange fact when we try to relate diffusion coefficient with the
jump distance.

The diffusion coefficient of carbonin - iron with FCC structure at 1100 C isin the order of
1019m?/s,

The jump distance can approximately be consideredas x 10%m

From the relation derived between diffusion coefficient and the jump frequency, we can
write  1019/s

This means, atoms change their position in the order of 10%° times per second!

This number sounds very high, however, if we consider Debye frequency, it sounds
reasonable.

That means atoms make successful jump one out of 10° attempts only, since vibration
frequency or Debye frequency isroughly in the order of 10%/s.

Now suppose for the sake of explanation, we consider that atom can jump on a straight line
and always goes forward.

Then after 1 hour, jump distance will be 10-1° x10% 60x60 = 3.6 kms! The same after 10
hrs will be 36 kms!




Concept of random walk

However, previously we have seen that the typical diffusion length isin micron.

This indicates that jump of atom is not linear and possibly many times jumps back to
previous position to have resultant jump distance zero.

Jump is random, as we are considering the jump of atom without any driving force, the
jump of atoms will be random.

Thismust be the reason to find much smaller diffusion length in practice.

This is the reason to say that when there is no driving force atoms go through a random
walk.

So we need to relate this random walk with the actual jump distance and the diffusion
coefficient of atoms.

This sounds very difficult, but can be done following simple approach, without making too
many assumptions.

9000000000 O6GO6S

90 0000000000
9000000000000

020 %% % % % e ne e® * swinasen
.f. .‘.f.r.!‘ .n‘.r.r.:’ . . £ Destination point
‘99’0 000000 0 9.0 0 ~-» Shortest route
.f.‘.‘ .(. . . . . .\,. . . * Tortourous diffusion
"."-.’.‘\.*‘. . . . . .f. . route possible
'9'90'90:'90 00000000

00 00000000000

N N N M NN N NN NN N




Concept of random walk

For the sake of explanation, let us consider first atomic arrangement in two dimension.
Host atoms are shown as blue balls and the interstitial atom as small red ball.

As mentioned previoudy, we are considering very small concentration of interstitial atoms
(one in few thousands voids) and we may assume that no other interstitial atom is present in
the close vicinity.

Let us consider that the interstitial atom reaches to the point Q from P after certain number
of jumps.
Now question is after how many jumps one atom will reach to that point.

One can easily count that there are few paths (shown by red arrows) through which it can
reach to Q after 14 jumps.

However, actually, chance is very less that atoms will follow this route.
It can follow a very torturous long route, as shown by green arrows, to arrive at Q.
For a number of random jumps, n, the mean distance x, after time t isgiven by

x=AJ/n At

Hence the diffusion distance is proportional to t

Since the jump of atoms is random in nature, there can be huge difference in the number of
jumps that different atoms will make to reach to a particular distance.




Concept of random walk

Now let us go back to our discussion on diffusion of carbon iniron.
We have calculated that the average jump of carbon atomsin g-iron at 1100 C is 10%°/s,

If we consider that each jump distance is about 10-1° m, then each carbon atom travels total
distance of 3.6 kilometersin1 hr .

However, because of random nature of jump, on average, atoms will travel the effective
distance of

x = /10" x 3600 x10™°m = 6x10° x10°m = 0.6mm = 600Lm

Note that this is the order of diffusion length we actually see in carburized steel.




Summary

Diffusion Faster for

Diffusion Slower for

Open crystal structures

Close packed structures

Lower melting temperature
materials.

Higher melting temperature
materials

Smaller diffusing atoms

Larger diffusing atoms

Cations

Anions

Materials with secondary bonding

Materials with covalent bonding

Lower density materials

Higher density materials




Questions?

1. What isthe number of atomsin a cubic meter of copper? The gram-atomic weight of copper
is 63.54 gm/mole and the atomic volume of copper is 7.09 cm® per gram-atom. Next,
compute the number of copper atoms per m® given that the lattice constant, a, of copper is
0.36153 nm and that there are 4 atoms per unit cell in aface-centered cubic crystal.

2. A diffusion couple, made by welding a thin one centimeter square slab of pure metal A to
similar slab of pure metal B, was given a diffusion anneal at an elevated temperature and
then cooled to room temperature. On chemically analyzing successive layers of the
gpecimen, cut parallel to the weld interface, it was observed that, at one position, over a
distance of 5000 nm, the atom fraction of metal A, N,, changed from 0.30 to 0.35. Assume
that the number of atoms per m3® of bothe pure metals is 9 10 %8, First determine the
concentration gradient dn_/dx. Then if the diffusion coefficient, at the point in question and
annealing temperature, was 2 10 -* m?/s, determine the number of A atoms per second that
would pass through this cross-section at the annealing temperature.

3. On the assumption that the salf-diffusion coefficient of a ssmple cubic metal whose lattice
constant , a, equals 0.300 nm is given by the equation

D= 10—4 e—200,000/ RT ’ m2 / S

Determine the value of the diffusion coefficient at 1200 K and use this to determine the
mean time of stay, , of an atom at alattice Site.




Questions?

Do you expect any difference in room temperature self diffusion coefficients of Al just
guenched from 600°C to room temperature and the one slowly cooled to room temperature?
Explain.

. The diffusivity of gallium in silicon is 8 10 -1’ m?/s at 1100°C and 1 10 -4 m?/s at 1300°C.
Determine D, and Q, for diffusion of gallium in silicon and cal cul ate diffusivity at 1200°C.

. Using the data given below, make a plot of log D versus 1/T, and estimate, by eye, the best
straight line through the points.

Calculate H and D, for thisline.

Calculate H and D, using a least squares procedure and assuming all error to be in the
values of D. Plot |east squares line on the graph.

D (m¥s) 1012 1013 1014 1015
T(K) 1350 1100 950 800

. Concentration of copper in an aluminium slab decreases linearly from 0.4 at % Cu at the
surface to 0.2 at% Cu at 1 mm below the surface. Calculate the flux of copper atoms across
aplane 0.5 mm below the surface at 500°C. Lattice parameter of Al is0.405 nm.

Explain why activation energy for the grain boundary diffusion is lower than the activation
energy for the lattice diffusion.




Questions?

9. Derive Fick s second law from the mass conservation with the help of Fick sfirst law.

10. Take derivative of the thin film solution and replace in the Fick s second law to show the
correctness of the relation.

11. A small amount (M) of component i was deposited in the form of an infinitessmally thin
layer onto another element j. The assembly was then annealed at a constant temperature (T)
In vacuum so that i diffused into j. We need to predict the concentration (C;) as a function of
depth (X) into the material and time (t). Answer the following question for this diffusion
problem.

a) Writethe diffusion equation for C,

b) Describe theinitial condition

c) Describe the boundary condition

d) Describe the constraint on the total mass (M) of the component i.

e) Verify that each of the conditionsin (a), (b), (c) and (d) satisfy the following equation
for C,. (D isthe constant diffusion coefficient at T).

M 2
D= Tna P 4t

For answering part(e), you can use thefollowing information

Z
2 exp(-n?)dn = erf (2), whereerf (z)isca;; ed error function z

Jn,
erf(0) = 0, erf(w) =1




Questions?

12.

13.

14.

15.

A binary solid-solid diffusion couple is assembled with two alloys having initial
concentrations of 80 atom% and 20 atom% for component i and annealed at a temperature T
for 1 day. Assuming a constant binary interdiffusion coefficient . of 10® cm?/s and constant
molar volume of 8 cm3/mole, calculate the position of the plane having concentration of i to
be 4.8 cm3/mole.

A thick steel part with initial carbon content of 0.18 wt% was exposed to a carburizing
atmosphere at 820 C with constant surface concentration of carbon at 0.8 wt%. a) If the
case depth of the carburized stedl is taken as the depth at which carbon concentration drops
to 0.4 wt%, determine the time required for achieving a case depth of 0.8mm. Use the
following data for diffuson of carbon in austenite. What will be the case depth if
carburizing time is doubled?

Activation Energy (Q) (KJmol) Frequency Factor (Dg) m?/s

136 110

Pure aluminium was quenched from 500°C to 25°C to retain al the vacancy concentration.
What should be the sdf diffusion coefficient for Al at 25°C immediately after this
guenching? The enthalpy of migration and vacancy formation for Al are respectively 0.68
eV and 0.72eV. Frequency factor for Al self diffusion is 0.047 cm?/s. Assume no divacancy
concentration.

Briefly explain the concept of a driving force. And what is the driving force for steady-state
diffusion?




Questions?

16. A stedl of eutectoid composition was found to have the lamellar spacing of pearlite to be 2I.
The average thickness of each cementite layer is 2h. This steel was heated to 850 C for
austenitization, which proceeds by diffusion of carbon atoms from cementite into austenite.
Assuming that the transformation of ferrite to austenite does not take much time, derive the
equation for concentration profile of carbon developed in a pearlite colony during the
austenitization. You can assume sguare wave type initial profile in pearlite with zero%

carbon in ferrite before the dissolution starts. Assume no discontinuity of concentration at
the interface.

Hint i) No flow conditions exists i.e. the concentration gradients are zero at the boundaries
and at the middle of the profilei.e.aax=0,x=1,and x =-|.

Hint ii) If a periodic function f(x) is defined between | and +l, it can be expresses as a

fourier seriesasfollows:  ;()_ 4 E( 4 s n.:!r_r + B sin "
=1

where,
_l +/
A’O = E._’:,( (_\_)f{.r

ITX

J_ +
A, =-] f(x)cos dx
!‘J: / [

NTX
dx

17 :
B =—| f(x)smn
=7l




Questions?

17.

18.

19.

A thick steel slab with 0.2 wt% carbon concentration is exposed to a carburizing atmosphere
at 900 C. Carbon concentration at the surface of the dlab is kept constant at 1. 3 wt%. Case
depth is considered as the depth from the surface at which carbon concentration drops to 0.6
wt%. (See the error function tables and the interdiffusion data for C in steel given at the
end).
a) Calculatethe time required for achieving a case depth of 0.5mm
b) What should be the temperature of carburizing if the same case depth is required to be
achieved in exactly half the time
c) At 900 C, a particular plane of composition C was observed to be at a depth of 0.7mm
at the end of carburizing cycle. What should be the position of the plane C after
double the carburizing time at 900 C?
A sheet of steel 2.5 mm thick has nitrogen atmospheres on both sides at 900°C and is
permitted to achieve a steady-state diffusion condition. The diffusion coefficient for
nitrogen in steel at this temperature is 1.2x101%m?/s, and the diffusion flux is found to be
1.0x10"kg/m?-s. Also, it is known that the concentration of nitrogen in the steel at the high-
pressure surface is 2 kg/m3. How far into the sheet from this highpressure side will the
concentration be 0.5 kg/m3? Assume a linear concentration profile.
If iron is kept at 1200K in a carburizing atmosphere for 8hrs to obtain a carbon
concentration of 0.75 at a depth of 0.5mm. Find the time it would take to reach same carbon
concentration at depth of 7.5mm at 1250 K. (Given D, = 0.2x10-4 m2/s & Q =
143kJmole/ K)




Questions?

20. The concentration of carbon on the surface of iron is maintained at 1.00% at 1175 K for
2hours. Estimate the depth at which % C would be 0.5%. Use the diffusivity values given
Dy = 0.2x10-4 m2/s & Q = 143kIJmole/ K. Assume initial carbon content of iron to be
negligible.
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Introduction

L et us start understanding phase transformations using the example of the solidification of a
pure metal.

Three states of matter are distinguishable: gas, liquid, and solid

In the gaseous state the metal atoms occupy a great deal of space because of their rapid
motion. The atoms move independently and are usually widely separated so that the
attractive forces between atoms are negligible. The arrangement of atomsin a gas is one of
compl ete disorder.

At some lower temperature, the kinetic energy of the atoms has decreased so that the
attractive forces become large enough to bring most of the atoms together in a liquid. And
there is a continual interchange of atoms between the vapor and liquid across the liquid
surface.

The attractive forces between atoms in a liquid may be demonstrated by the application of
pressure. A gas may be easily compressed into asmaller volume, but it takes a high pressure
to compress a liquid. There is, however, still enough free space in the liquid to alow the
atoms to move about irregularly.

As the temperature is decreased, the motions are less vigorous and the attractive forces pull
the atoms closer together until the liquid solidifies. Most materials contract upon
solidification, indicating a closer packing of atoms in the solid state.

The atoms in the solid are not stationary but are vibrating around fixed points, giving rise to
the orderly arrangement of crystal structures.




Mechanism of Crystallization

Crystallization isthe transition from the liquid to the solid state and occurs in two stages:
Nuclei formation
Crystal Growth

Although the atoms in the liquid state do not have any definite arrangement, it is possible
that some atoms at any given instant are in positions exactly corresponding to the space
|attice they assume when solidified.

These chance aggregates or groups are not permanent but continually break up and reform
at other points.

The higher the temperature, the greater the kinetic energy of the atoms and the shorter the
life of the group. When the temperature, of the liquid is decreased, the atom movement
decreases, lengthening the life of the group, and more groups will be present at the same
time.

Atoms in a material have both kinetic and potential energy. Kinetic energy is related to the
speed at which the atoms move and is strictly a function of temperature. The higher the
temperature, the more active are the atoms and the greater istheir kinetic energy. Potential
energy, on the other hand, is related to the distance between atoms. The greater the
average distance between atoms, the greater istheir potential energy.




Mechanism of Crystallization

Metals
Thermodynamic | AHygey F--- === - High  (10-15) kJ/ mole
R 1
AG O0—
fusion
Crystallization favoured by
Kinetic | {AH,=0 Log [Viscosity (n)] |-~{Low  (1-10) Poise

[ Enthalpy of activation for
diffusion across the interface

F

Very fast cooling rates ~10° K/s are used for the amorphization of alloys

splat cooling, melt-spinning.




Solidification (or) Freezing

When metal is poured into the mould,
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It gets cooled when poured into the
mould and molten metal in the liquid
form will solidify. This time is called
local solidification time

The solidified metal in the mould (
called casting) gets cooled in the mould
to the temperature of the surroundings




Driving force for solidification

between two phases at temperatures away from the

equilibrium temperature.
For example if a liquid metal is under cooled by L Solid (G
T below T, beforeit solidifies, solidification will Id ( S)

be accompanied by a decrease in free energy G
(Jmoal) as shown in figure.
This free energy decreases provides the driving O AG —VeE
force for solidification. The magnitude of this

In dealing with phase transformations, we are often
concerned with the difference in free energy Solid stable Liquid stable
AG

change can be obtained as follows. Liquid (G,)
The free energies of the liquid and solid a a AT
temperature T are given by . . : Undercoolingl | AG ~ +ve
G = H _TS B : T
m
G°=H®>-TS®

Therefore, at atemperature T AG = AH —TAS -

Where aAH=H'-HS and AS=g'-S°



Driving force for solidification

At the equilibrium melting temperature T, the free energies of solid and liquid are equal,
l.e., G =0.Consequently AG = AH ~T AS=0

AH L
And therefore at T AS=""="—
) T T, L

m

This is known as the entropy of fusion. It is observed experimentally that the entropy of
fusionisaconstant R (8.3 Jmol . K) for most metals (Richard srule).

For small undercoolings ( T) the difference in the specific heats of the liquid and solid ( CFL,
- C; ) can be ignored.

Combining equations 1 and 2 thus gives AGOL-T L
l.e., forsmall T AG Dﬂ o o
T, This is called Turnbull s approximation




Solidification of pure metal : Supercooling

In a pure metal at its freezing point where both the liquid and solid states are at the same
temperature. The kinetic energy of the atoms in the liquid and the solid must be the same,
but there isa significant difference in potential energy.

The atoms in the solid are much closer together, so that solidification occurs with a release
of energy. This difference in potential energy between the liquid and solid states is known
as the latent heat of fusion.

However, energy is required to establish a surface Cooling Curvefor apure metal

between the liquid and solid. In pure materials at the
freezing point insufficient energy is released by the
heat of fusion to create a stable boundary, and some
under cooling is always necessary to form stable
nuclel.

Subsequent release of the heat of fusion will raise
the temperature to the freezing point. The amount of
undercooling required may be reduced by the
presence of solid impurities which reduce the
amount of surface energy required.
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Under cooling

Time

Temperature




Solidification of pure metal

When the temperature of the liquid metal has dropped sufficiently below its freezing point,
stable aggregates or nuclei appear spontaneously at various points in the liquid. These
nuclei, which have now solidified, act as centers for further crystallization.

As cooling continues, more atoms tend to freeze, and they may attach themselves to
aready existing nuclei or form new nuclel of their own. Each nucleus grows by the
attraction of atoms from the liquid into its space lattice.

Crystal growth continues in three dimensions, the atoms attaching themselves in certain
preferred directions, usually along the axes of the crystal this gives rise to a characteristic
treelike structure which i< called a dendrite.

Since each nucleus is formed by chance, the crystal axes are pointed at random and the
dendrites growing from them will grow in different directions in each crystal. Finally, as
the amount of liquid decreases, the gaps between the arms of the dendrite will be filled and
the growth of the dendrite will be mutually obstructed by that of its neighbors. This |eads
to avery irregular external shape.

The crystals found in al commercia metals are commonly called grains because of this
variation in external shape. The area along which crystals meet, known as the grain
boundary, isaregion of mismatch.




Liquid to Solid Phase Transfor mation : Solidification

Two crystal going tojoin
to from grain boundary

Growth of nucleated crystal

Grain boundary

Solidification Complete

For sufficient Undercooling



Solidification of pure metal

This mismatch leads to a noncrystalline (amorphous) structure at the gramddrguwith
the atoms irregularly spaced.

Since the last liquid to solidify is generally along the grain boundariese ttends to be
higher concentration of impurity atoms in that area. Figure (previous page)sshow
schematically the process of crystallization from nuclei to the finahgra

Due to chilling action of mold wall, a thin skin of solid metal is formedia wall surface
immediately after pouring.

Grain structure in a casting of a pure metal, showing randomly oriented griesngall size
nea the mold wall, anc large columna grains orientec towarc the cente of the castinc.
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