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Structure of this lecture:

(1) Basics of thermodynamics
(2) Driving forces for phase transformations
(3) Thermodynamics of mixtures
(4) Understanding of phase diagrams
(5) Ternary phase diagrams
(6) High entropy alloys
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Why is called thermodynamics? 

James Prescott Joule (English, 1818-1889)
Image from Wikipedia 
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Thermometer

Mechanical device

Condensing 
pump

Copper receiver

Keep pumping 
air into the 

chamber (add 
mechanical 
work), what 

happens next? 

Thermo dynamics

The same 
amount of heat 
is always 
produced by 
the same 
amount of work 
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Self study

• Isolated system 

• Closed system 

• Isothermal process

• Adiabatic process

• Ideal solution

• non-ideal solution (real solution) 

• Spontanoue (irreversible)                   important equations 

➢ Terminology and symbol  



1. Basics

FIRST LAW of thermodynamics (and what follows):

dWdQUUdU III +=−=

Thermodynamics is concerned with the beginning (UI)
and final states (UII) of an isoalted system.

U – internal energy, Q – heat, W- work FAMSE-GEI-6

Conservation of energy : energy can be transformed
from one form to another, but can be neither
created nor destroyed
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dWdQUUdU III +=−=

Q

P

W

𝑑𝑈 = 𝑈𝐼𝐼 − 𝑈𝐼 = 𝑑𝑄 − 𝑃𝑑𝑉

Cv=(
𝜕𝑈

𝜕𝑇
)𝑉

Heat capacity: heat adsorbed per unit 
change in temperature (𝑑𝑄/dT)

At constant volume: 𝑑𝑈 = 𝜕𝑄



We work at constant pressure, not at constant
Volume. We define H:

)( IIIIII VVpQpdVQUUdU −−=−=−=
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= + − +
II II I I

dQ (U pV ) (U pV )

We look at heat effect:

= +H U pVWe introduce H:

U – internal energy, p-pressure, V-volume

The enthalpy H of a 
thermodynamic system is 
defined as the sum of its 
internal energy and the 
product of its pressure and 
volumeUnit of Enthalpy: J/mol



We work with H: 

pVUH += ),( pTfH =

VdpQVdppdVdUdp
p

H
dT

T

H
dH

Tp

+=++=
















+












=

pdVQdU −=pVUH +=
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Heat capacity at constant pressure

p

p

T

H
C 












=

ppp
C

n
Thc ==

1
)/(

CP – heat capacity, cP – heat capacity per quantity of material,

n – number of moles
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∆𝐻 = න
𝑇1

𝑇2

𝐶𝑝𝑑𝑇

Unit of heat capacity: J/kּ mol



):(2

molK

J
inTcTbacp


++= −

Materials engineers use empirical relations like

with a, b und c from data bases.

Materials engineers often use the approximation 

of Dulong and Petit (which is a zero order approximation of idea gas:

 3
p

c R

FAMSE-GEI-11
R – universal gas constant



Related to FIRST LAW:

differential equations and characteristic functions

U – internal energy

H - enthalpy

cP – heat capacity (how H depends on temperature)
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Conservation of energy : energy can be transformed from
one form to another, but can be neither created nor
destroyed

From which to which? Direction?  



SECOND LAW of thermodynamics:

machine

We cannot transform 100% heat (QT1)
into work. We can transform some of
it into work W. We must always produce
waste heat QT2.

The efficiency η of our process is
always smaller than 1:

 = −
2 1

1 T / T

FAMSE-GEI-13



One can analyze an ideal process, known as the Carnot process. It
involves an ideal gas which can transform heat/work into work/heat by
expansion/compression. The Carnot process does what we have seen in the
previous figure. It can be subdivided into four steps:

(1) Isothermal expansion (T1)
(2) Adiabatic expansion (T1-> T2)
(3) Isothermal compression (T2)
(4) Adiabatic compression (T2-> T1)

FAMSE-GEI-14

Q2

Q1

Q1/T1+Q2/T2=0



The Carnot process has been analyzed in detail. A number of important
conclusions could be drawn, like:

(1) No processes have a higher efficiency than the Carnot process.

(2) The thermal efficiency of the Carnot process is smaller than 1.

This is of interest for questions related to energy conversion.

In materials science we are interested in spontaneous processes. Does
something happen? Can we make an alloy? Does a melt solidify? Do
carbides preciptitate? We want to have a parameter which gives us an
answer to these questions. In this context it was interesting to find:

(3) When each step in the Carnot process is reversible, then
the sum of the reduced heats is zero: ∑Q/T=0.

(4) When one spontaneous (non reversible) process occurs,
the sum of the reduced heats is >0.

FAMSE-GEI-15

S (entropy)



=dS dQ / T

We use the entropy S to describe a reduced heat:

Our analysis has shown, that when a system changes from state 1 into
state 2, then we can differentiate to cases:

0SSS 12 ==−

0SSS 12 =−

in equilibrium: 

spontaneous process:

FAMSE-GEI-16

Unit of entropy: J/Kּ mol
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Carnot cycle occurs in an isolated system. ∆S=0: nothing happens. ∆S>0:
spontaneous process.

However, in materials research we are interested in closed and open
systems. E.g., alloy melt in crucible during melting, alloy melt in mould
during solidification, steel specimen in furnace during heat treatment
→ closed systems.

isolated
system

closed
system

open
system

energy

matter

energy

ENVIRONMENT
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In order to derive such an equation
of state for our closed system, we
consider our closed system together
with its direct enviroment, and we
assume, that the whole system
represents an isolated system.

The direct enviroment is so big, that
it behaves like a thermostat and
does not notice a small heat transfer
Qrev into our closed system.

closed
system

energy

THERMOSTAT

isolated system closed system thermostat
dS dS dS= +  0

For spontaneous effect to occur in whole system:
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isolated system closed system thermostat
dS dS dS= +  0

closed system thermostat
dQ dQ= −

we can write:

closed system

isolated system closed system

Q
dS dS

T


= −  0

closed system

closed system

H
dS

T


−  0

closed system closed system
TdS dH−  0

closed system closed system
dH TdS−  0



closed system closed system
dG dH TdS= −  0

We introduce the Gibbs free energy G:

STHG −=

with this we get:

G is the state function which we need in our closed systems. It provides
information about a process. ∆G=0: equilibrium - nothing happens. ∆G<0:
we have a driving force for a spontaneous process.

FAMSE-GEI-20

Unit of G: J/mol
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G H T S =  −  

For a high driving force ∆G we want an as
negative as possible ∆H (heat comes out of
system) and a high positive ∆S. We see that the
influence of the ∆S-term (T∙∆S) increases with
increasing temperature.

∆G as driving force for spontaneous processes in
closed systems:
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What is the physical meaning? 

Ludwig Boltzmann

20.2.1844-5.Sept.1906

grave:

Wiener Zentralfriedhof

Foto: 14. May 2016

(from Internet)



Playing dice (example)

FAMSE – GEI -27

The macro state 7 is more probable than the macro state
2, because it has a higher number of possible micro states!
Imagine we had 6,023∙1023 dice (1 mol of ideal gases)

What 

What is the most
probably sum-up from
two dices?



Famous and important statistical interpretation of
entropy S by Ludwig Boltzmann:

𝑆 = 𝑘 𝐵 ⋅ ln 𝜔

There is a macrostate which has the entropy S.

 is the number of micro states which correponds to this macro
state.

kB is the Boltzmann constant 1,381 ∙10-23 JK-1. kB is for an atom,
what R is for one mole: R = NA∙kB (NA – Avogadro Zahl von
Teilchen in einem Mol: 6,023 ∙1023 mol-1.

FAMSE-GEI-24
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For solid solution

A B C

Which has a higher probability? 

Nature establishes the macro state which corresponds to the
highest number of microstates = which has the highest probability.
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For solid solution

𝑁 𝑁 − 1 … (𝑁 − 𝑛 + 2)(𝑁 − 𝑛 + 1)

𝑛!

𝑤 =
𝑁!

𝑛! 𝑁 − 𝑛 !

N (N-1)/2



Boltzmann‘s equation:

Δ𝑆𝑀 = 𝑘𝐵 ⋅ ln𝜔 = 𝑘𝐵 ⋅ ln
𝑁!

𝑁1! ⋅ 𝑁2!

From this with Stirling‘s approximation for large numbers (ln N!
= N·ln N – N) and by introducing mole fractions we obtain:

)xlnxxlnx(RS 2211
M +−=

FAMSE-GEI-27

x1 and x2: mole fractions of 1 and 2 atoms, R is gas constant



Related to SECOND LAW:

Carnot process

Entropy S

∆S as driving force in isolated system

Gibbs free energy G

∆G as driving force in closed system

Statistical interpretation of entropy S: aims at establishing
the highest degree of disorder. This tendency increases with
increasing temperature.

FAMSE-GEI-28



2. THERMODYNAMICS OF PHASE TRANSFORMATIONS

Example: The martensitic transformation

austenite martensite

On cooling from high T (forward transformation):

austenite martensite→

On heating from low T (reverse transformation):

martensite austenite→

FAMSE-GEI-29



0

T

0 p
T

G H T S

H H c dT

= − 

= + 

G(T)-curves

H(T)-curves

DSC chart

.

We have made a big step when we understand this schematic
diagram:

FAMSE-GEI-30

ΔG – DRIVING FORCE –
ALWAYS NEGATIVE –

LITTLE ARROWS 
POINTING DOWN



0

T

0 p
T

G H T S

H H c dT

= − 

= + 
.

driving forces

heat effects
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0

T

0 p
T

G H T S

H H c dT

= − 

= + 
.

thermodynamic
background

experiment

undercooling

overheating

equilibrium
∆G=0

hysteresis
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sample
inert

reference
sample

PS PRS

TS TRS

TCHAMBER
TMIN-TMAX; 10 K/min

chamber

PCHAMBER

control heating/cooling chamber

heating/cooling specimen

thermocouple thermocouple

thermocouple

Control circuit keeps both specimens at same temperature: TS=TRS

Measurement: ∆P = PS - PRS (direct measurment of electric energy) 

Differential
Scanning

Calorimetry

DSC

sample
transforms
and causes
heat effect

reference
sample

just follows
chamber

control unit measurement
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.

martensite
start

martensite
finish

austenite
start

austenite
finish

HEATING

COOLING

DSC EXPERIMENT

cooling / heating rate: 
10 K/min

P
c const . R= = 3

T

P
H H c dT= + 0

0

A K A K
G H=

0 0

M K M K
G H=

0 0

EQUATIONS/APPROXIMATIONS
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3. THERMODYNAMICS OF MIXTURES

This is the basis for the understanding of alloys and of phase
diagrams!

MIXING

A B

AB

pure elements

homogeneous
solution

FAMSE-GEI-35



We remember:

There are daily life systems which mix: 

sugar/tea, wine/water, …

There are other systems we know which do not mix: 

oil/water, ….

FAMSE-GEI-36



There is mixing without any special effects:

We just add everything up and get the correct result.

(here: V – molar volume, n – number of moles)

AB A A B BV n V n V=  +  AB A A B BG n G n G=  + 

This is simple. We call such solutions ideal solutions. These are
actually not so very interesting. 

FAMSE-GEI-37



It is more interesting when there is an effect of 
mixing, like for example:

AB A A B BV n V n V  +  AB A A B BG n G n G  + 

How do we deal with effects of mixing?

FAMSE-GEI-38

A simple physical system which allows to directly
address the interaction of atoms in a binary systems

We calculate for mixtures:

Excess terms: ΔGM, ΔHM and ΔSM of mixture

GAB = nAGA + nBGB + ΔGM ΔGM = ΔHM - TΔSM
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System (crystal) with two
Types of atoms (1-black, 
2-white).

We only consider next
neighbour interactions. 

There are three of these: 
E11, E22, E12

Our system and our approximations:

ΔHM contribution 



When we see a E12-term, we remember that there is a 
bonding energy between atoms 1 and 2!

E

E12

r12

FAMSE-GEI-40



We add everything up and obtain:

WxxzH 21
M =

EE)EE(
2

1
EW 12221112 −=+−=

Enthalpy of mixture (which we can measure):

Interaction term W (which we understand):

z: number of neighbours, x1 and x2: mole fractions of 1 and 2 atoms, 
W: interaction term

Eii: binding energies between atoms i and i

FAMSE-GEI-41

E11 + E22 < 2E12 : favors ordering, W > 0 

E11 + E22 > 2E12 : favors clustering, W < 0 



We plot ΔHM as a function of x2. We see the whole system. Here we consider a
case, where there is a repulsive type of interaction (ΔHM>0). We need to provide
energy for mixing!

(1)We consider the mixing of two
components, 1 (red) and 2 (blue).

(2) On the x-axis we plot all alloy
compositions, which gradually change from
pure 1 (red, x2=0) to pure 2 (blue, x2=1)

(3) On the y-axis we plot the heat of
transformations.

(4) We show the heats of transformation
for three alloy compositions (green
arrows).

(5) Our ΔHM(x)-curve runs through 0 at
x2 = 0 and 1. Pure elements do not mix!

FAMSE-GEI-42



WxxzH 21
M =

Wz25.0H max
M =

1
1

1

M

x

H
lim z W

x→


= − 



Finite slope!

2

attractive

repulsive

no interaction

FAMSE-GEI-43EE)EE(
2

1
EW 12221112 −=+−=



So far we know what the bond energy between the atoms of our two
component system does. It is responsible for the enthalpy of mixture:

WxxzH 21
M = with EE)EE(

2

1
EW 12221112 −=+−=

For a complete picture we need to know the Gibbs free energy of
mixture:

M M MG H T S  = − 

What about the entropy term ? 
MT S− 

FAMSE-GEI-44



Boltzmann‘s equation:

Δ𝑆𝑀 = 𝑘𝐵 ⋅ ln𝜔 = 𝑘𝐵 ⋅ ln
𝑁!

𝑁1! ⋅ 𝑁2!

From this with Stirling‘s approximation for large numbers (ln N!
= N·ln N – N) and by introducing mole fractions we obtain:

)xlnxxlnx(RS 2211
M +−=

FAMSE-GEI-45

x1 and x2: mole fractions of 1 and 2 atoms, R is gas constant



)xlnxxlnx(RS 2211
M +−=

2

2nd law:

impossible to make a
absolute pure material !

Entropy of mixing

FAMSE-GEI-46



If we first consider an ideal solid solution:

ideal: W=0, ΔH=0

M MG T S R T ( x ln x x ln x ) = −  =    + 
1 1 2 2

M M MG H T S  = − 

Ideal solution: ΔGM is given by the entropy term!
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M MG T S R T ( x ln x x ln x ) = −  =    + 
1 1 2 2

Ideal solution (ΔHM=0):

The Gibbs free energy of mixing of an ideal system (ΔHM=0)

FAMSE-GEI-48

x2



Now we consider the interesting case: a real
solid solution with repulsive interaction (ΔHM>0):

M M MG H T S

z x x W

RT ( x ln x x ln x )

  = −  =

=    +

+  +

1 2

1 1 2
2

The Gibbs free energy of a real system with repulsive interaction (ΔHM>0).
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x2



M M MG H T S

z x x W

RT ( x ln x x ln x )

  = −  =

=    +

+  +

1 2

1 1 2
2

low T: positive ΔHM-term (repulsive interaction) dominates! no mixing!

high T: -T·ΔSM-term dominates! mixing!
FAMSE-GEI-50

x2

With increasing temperature,
the entropy term becomes more
and more important!



Another way to look at G(x)-plot (for an ideal solution)
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dG

dx
 = −

2 1
2

2

2

μ1*

μ2*

x2*

ΔGM*

Figure PT.20: Tangent construction.

- we select an alloy composition x2*
- we know ΔGM*, the driving force for

mixing
- at x2* we draw a tangent to the G(x)-curve
- where the tangent intersect the

axes we have the chemical potentials
of the components 1 and 2

- µ1*: chemical potential of component
1 in alloy of composition x2*

- µ2*: chemical potential of component
1 in alloy of composition x2*

ΔHM = 0

ΔGM* = (1 - x2*) μ1* + x2* μ2*  
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What is the physical meaning of µ ? 

𝜇𝐴 =
𝜕 ҧ𝐺

𝜕𝑛𝐴 𝑇,𝑝,𝑛𝐵

chemical potential
of the component A

we keep everything
else constant

If a small amount of A, dnA mol, is added to a large amount of a phase at constant
temperature and pressure, the free energy change d ҧ𝐺 is equal to:

d ҧ𝐺 = µA dnA

µA is called chemical potential or partial molar free energy of A in the phase. 

µA depends on the composition of the phase. 



What is the chemical potential μ ?

Cu

brass
Zn in brass with %Zn

Zn T ,p ,n

G

n


 
=    

10

μZn tells us how much the G of brass changes, when we add one
mole of Zn.

Meaningless to say: the μ of Zn.

We must say: the μ of Zn in a brass with 10%Zn.
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What about dG?

Gibbs: The change in G of a homogeneous part of the system must
Be related to the changes of the masses of the substances:

= − + +  
n

i i
1

dG SdT Vdp dx

for T, p = const. and binary system:

= −
1 2

dx dx

=  + 
1 1 2 2

dG dx dx

with: =  −
2 1 2

dG ( ) dx

=  − 
2 2 1

dG dx Translation rule between G(x)- and
μ-thermodynamics.
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Concentration dependence of chemical potential:

= − +dG SdT Vdp

T=const.: =dG Vdp

For ideal gas:

pV=RT: = dG RT
dp

p

integration: = + 2
p1

1

G G RT
p

ln
p
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Concentrations:

mixture of gases: total pressure and partial pressures

=
k

i
ipp

i
i

i

i

ii x
n

n

V/RTn

V/RTn

p

p
===


concentration
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1000g Fe-C-alloy with 3 wt.-% C:

mol5,2g1000
mol/g12

03.0
nC ==

mol3,17g1000
mol/g56

97.0
nFe ==

mol

g5,50

mol3,17mol5,2

g1000
M C%3Fe =

+
=−

moles C

moles Fe

molecular
weight of

alloy
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126,0
mol3,17mol5,2

mol5,2
xC =

+
=

874,0
mol3,17mol5,2

mol3,17
xFe =

+
=

mole fraction of C

mole fraction of Fe

mole fractions of C and Fe

FAMSE-GEI-58



same for μ:  =  + 2
p1

1

RT
p

ln
p

)T,p(*)T,p( iii =

ii
i

ii xlnRT)T,p(*
p

p
lnRT)T,p(*)T,p( +=+=

i
0
i

ideal
ii xlnRT)x( +==

define reference condition:

with this:

FAMSE-GEI-59

For ideal solution



( )i i i i i
RT ln f x RT ln x RT lnf =  +   =  +  + 

0 0

Ideal solution:

Regular non-ideal solution (activity: a = f∙x):













 
=

RT

Wzx
expf

2
2

1 











 
=

RT

Wzx
expf

2
1

2

atomic
interactions

binary system:
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i
0
i

ideal
ii xlnRT)x( +==

→ The tendency of an atom to leave a solution



Equilibrium between two phases (example: system AB with a 
liquid phase L and a solid phase α):

L: 70% A, 30% BL

α

Α: 30% A, 70% B

Equilibrium between two phases means:

The chemical potentials of all atoms in all phases are equal!

and
 = L

A A
 = L

B B
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μBL =  μBα

μAL =  μAα

Equilibrium between two phases L and α. Each phase has one G(x)-
curve. The common tangent determines the composition of the
equilibrium phases.

Situation in G(x)-diagram:

FAMSE-GEI-62

X1

At equilibrium, 
what is the 

minimum free 
energy? 



As materials scientists we must be able to comfortably work with
binary phase diagrams.

We should also be able to read and understand ternary phase
diagrams.

Only then can we appreciate multicomponent systems.

Phase diagrams are equilibrium diagrams (∆G=0)

We want to be able to interpret phase diagrams on a
thermodynamic basis. 
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4. UNDERSTANDING PHASE DIAGRAMS



A binary system with full solubility in the liquid and in the solid state

phase diagram cooling curves

solid solutions

liquid solutions

two phase

region

Thermal analysis

of phase diagrams
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Cooling through a two phase region: THE LEVER RULE

wt.%NiCu Ni

( ) ( ) − =  −
L L

m c c m c c
 

−

−

−

−

−

L

L

c alloy composition

m mass of liquid phase L

c concentration of liquid phase L

m mass of solid phase

c concentration of solid phase







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Simple eutectic system

Eutectic reaction:
L -> α + β

BINARY EUTECTIC SYSTEM

attention:
equilibrium
diagrams
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How phase diagrams are used to discuss the
evolution of microstructures

attention:
equilibrium
diagrams
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melting point
pure A

eutectic
point
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Solubility for A-atoms in β-phase increases with increasing temperature
(like sugar in tea). 
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A

Phase diagram

Which part of the phase diagram corresponds to the following G(x) plots? 

B C



Eutectic phase diagram and G(x)-curves for three conditions in 
eutectic system.

double tangent for two phase region α+L

double tangent for
two phase region α+β

triple tangent for
eutectic point

point

FAMSE-GEI-71



Eutectica:

On cooling: one high temperature phases decomposes and forms two low
temperature phases.

Eutectic microstructures are typically very fine microstructures.

Eutecticum (old greek): The one which is well built. Well built in the sense
that at this alloy composition the alloy can melt at the lowest temperature
(old times: it was not easy to provide high temperatures). Also in the sense
that the melt can reach the lowest temperature (eutectic alloys are good
for casting).
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Example for a simple eutectic system: Ag-Cu.
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BINARY PERITECTIC SYSTEM

Simple peritectic system

Peritectic reaction:
α + L -> β

attention:
equilibrium
diagrams
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Peritectic phase diagram and G(x)-curves for the composition indicated
by blue vertical arrow. FAMSE-GEI-75



Peritectic phase diagram and G(x)-curves at different temperatures
for a composition indicated by blue vertical arrow (schematic).
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Peritectica:

We find them in systems, where elements have very different melting
points.

On cooling: two high temperature phases react to form one low temperature
phase.

Peritecticum (old greek): The one which is built around. We can understand
this when we analyse the reaction.

FAMSE-GEI-77



Example for a simple peritectic system: Sn-Ag.
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Solid solutions

substitutional
solid solution

interstitial
solid solution

order in 2 
component
system

(ordered phase)
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Miscibility gaps and ordered phases

miscibility gap
ordered phase

metallic alloy: intermetallic phase
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The best known phase diagram in materials science and
engineering: Fe-C.

Interesting/important to know:

(a) 2 eutectic reactions and 1
peritectic reaction.

(b) There are differnt irons (α,γ
and δ).

(c) The diagram is only
interesting up to 25 at.% C,
where the compound Fe3C
forms (carbide).

(d) Austenite solves more carbon
than ferrite.

(e) c=4.3 wt.% C: cast iron
(lowest melting point).

(f) c<2 wt.% C: steel (weldable).
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We can use thermodynamics to
calculate miscibility gaps and the
appearance of intermetallic phases.

)xlnxxlnx(TRWxxzG 221121
M ++=

M MG G
miscibility gap : and

x x

 
= =

 

 2

2

1 1

0 0



Results:

From
 

= =
 

M MG G
and

x x

 2

2

1 1

0 0

+ 
 =

− 

1 1 b z W
ln

b 1 b R T


=

IP

z W
T

2 R

width b of a miscibility gap:

we get: 

Temperature where intermetallic phase forms:
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On the appearance of ordered phases
(compounds; metallic alloys: intermetallics)

Possibilities (quite common):

• valence electron compounds
• NiAs-compounds
• Hume-Rothery phases
• Laves-Phasen phases
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Valence electron compounds:



Valence electron compounds

Metals with elements from PSE groups IV, V und VI

Examples:

Mg2Si – TS = 1085°C
Mg2Ge – TS= 1115°C             decreasing
Mg2Sn – TS=  778°C              electronegativity
Mg2Pb – TS=  550°C

• valence electron compounds
• NiAs-compounds
• Hume-Rothery phases
• Laves-Phasen phases
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Compounds between: Se, Te, Sn, Sb, As, Bi
with transition metals:   Fe, Cr, Co, Ni, Mn

In NiAs, As-atoms have a clolsely packed sublattice. 
In NiAs Ni occupies octahedral sites. 

• valence electron compounds

• NiAs-compounds
• Hume-Rothery phases
• Laves-Phasen phases
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Sites in crystals:

octahedral site tetrahedral site
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• valence electron compounds
• NiAs-compounds

• Hume-Rothery phases
• Laves-Phasen phases

We get similar crystal lattices for similar valence electron
concentrations per atom of compound (VEC)

VEC = Number of electrons per atom of compound

VEC-CuBe: (1∙1-1∙2)/2=3/2; VEC-CuZn3: (1 (1∙1-3∙2)/4=7/4

VEC = 3/2: bcc Examples: CuBe, CuZn, Cu3Al, Cu5Sn

VEC = 7/4: hex          Examples: CuZn3, Cu3Sn, AgZn3
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Nature of compound governed by ratio of atom radii of
elements.

E.g. ratio of atom radii 1 : 1,225 -> AB2-Compounds

More closely packed (e.g. 0,71) as bcc (e.g. 0,682).

Famous example: Fe2Mo in steels. 

• valence electron compounds
• NiAs-compounds
• Hume-Rothery phases

• Laves-Phasen phases
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In phase diagrams we find compounds (metallic alloys: 
intermetallic phases).

We have discussed a few well known type of phases.

Research on compounds and intermetallic phases is
an important part of modern structural materials
science.
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A 3D frame for a ternary phase diagram.
FAMSE-GEI-92

5. TERNARY PHASE DIAGRAMS

XA + XB + XC = 1 



Concentration triangle

Ternary composition Y: 
60%A, 20%B, 20%C

60%A

20%C

20%B
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XA + XB + XC = 1 



Simple ternary eutecticum. 
On each side: a binary eutecticum. 
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projection

First: C crystallizes from the melt. Liquidus
temperature decreases. Composition of melt
moves towards eutectic groove between EAC

and EACB.

Third: eutectic solidification
L -> A + B + C

Second: C and A crystallize
from melt. Liquidus
temperature further
decreases. Composition of
melt moves towards ternary
eutectic point.
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G(X)-planes. (a) Liquid is stable. (b) Equilibrium composition at 
ternary eutectic point.
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Recently a new class of equiatomic alloys has been proposed —

no “base” element (e.g. Cr20Mn20Fe20Co20Ni20)

- Yeh et al. Adv. Eng. Mater. (2004)
- Cantor et al. Mater. Sci. Eng. A (2004)

These materials are referred to as high entropy alloys. Today a 
hot research topic. Here: some background.

Configurational entropy is at maxima → if entropy is dominant 
contribution to free energy, it becomes to ‘stablise’ a multiple 
component solution → single phase. 

6. HIGH ENTROPY ALLOYS
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Why are high entropy alloys interesting?

(1) Diffusion behavior (2) Phase stability

(3) Solid solution strengthening

Three aspects of
compositional complexity.
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Often: Solid solutions typically form at the ends of phase diagrams
while intermetallic compounds are found near the centers

ΔGf = ΔHf – T·ΔSf

2Cr + Al = Cr2Al Cr + Al = (Cr,Al)solution

Two tendencies:

(1) Strong heat of formation of intermetallics drives phase separation.
(2) Entropy of mixture promotes single phase solid solutions.

ΔGmix = ΔHmix – T·ΔSmix

(1) (2)
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As-cast

Homogenized at 1000°C for 72 h

High entropy alloys: multi-component alloys are single phase !

(111) (200) (220)

Otto, Yang, Bei, George, Acta Mater. (2013)

Example:
CrMnFeCoNi

Hot rolled at 1000°C

FCC

FCC
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Hume-Rothery rules for solid solubility:

• Similar atomic size (difference < 15%)
• Similar crystal structure
• Similar chemical valence 
• Similar electronegativity

Atoms of HEA must have similar properties!
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Second: Configurational entropy may stabilize solid solutions

when n is large, and x1 ≈ x2 ≈ x3…. ≈ xi

For equiatomic alloys:

   

x i
i

n

å =1

Yeh et al. Adv. Eng. Mater. 6 299 (2004)

ΔGmix = ΔHmix – T ·Δ Smix Δ Gf = ΔHf – T ·Δ Sf

HEAs: equiatomic with  n ≥ 5; Δ Smix ≥  1.6·R
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Single-phase homogeneous microstructure after 48 h at 1200 °C

APT results 

SEM/EDX results 

Otto et al, Acta Mater. (2016)

CrMnFeCoNi
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Single-phase homogeneous microstructure after 500 days at 900 °C

SEM/EDX results 

Otto et al, Acta Mater. (2016)
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Decomposition into Cr-rich phase after 500 days at 700 °C

SEM-EDX
TEM-SAD 

TEM-EDX

Otto et al, Acta Mater. (2016)
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Decomposition into three phases after 500 days at 500 °C

SEM-EDX

TEM-SAD 
TEM-EDX

L10 - NiMn
BCC - Cr
B2 - FeCo

Otto et al, Acta Mater. (2016)



Recommended text books:

(1) R.A. Swalin, Thermodynamics of Solids, 2nd edition, Wiley VCH, New Jersey, 
1972

(2) D. R.Gaskell,Introduction to the Thermodynamics of Materials,
5th Edition, CRC Press, New York, 2008

(3) D. Kondepudi, I. Prigogine, Modern Thermodynamics, John Wiley
and Sons, Chichester,1998

(4)  F.C. Campell, Phase Diagrams – Understanding the Basics, ASM,
Ohio, 2012

(5)  B. Predel, M. Hoch, M. Pool, Phase Diagrams and Heterogeneous
Equilibria, Springer, Berlinm 2004

(6)  J.-C. Zhao, Methods for Phase Diagram Determination, Elsevier,
Oxford, 2004

(7)  D.A. Proter, K.E. Easterling, M. Sherif, Phase Transformations in Metals and 
Alloys (3rd edition), 2009
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Summary

(1) First law; U, H and cP

(2) Second law; S and G
(3) Statistical interpretation of S
(4) Driving forces for phase transformations (and heat effects)
(5) Driving forces for mixing
(6) G(xi)-curves and chemical potential μ
(7) Physical justification of phase diagrams
(8) High entropy alloys
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Questions for self control

1. What has U and H to do with the first law of thermodynamics?
2. How does the 2nd law help us to derive G?
3. How was the entropy S introduced?
4. What is the statistical interpretation of S?
5. Discuss a simple phase transformation ( austenite – martensite) 

considering G(T)- and H(T)-curves and a related DSC-chart.
6. How does differential scanning calorimetry (DSC) work?
7. What is the chemical potential?
8. Which are the equations for enthalpy and entropy of mixtures?
9. What is the tangent rule and how is it used in G(x)-diagrams?
10. What does equilibrium between two phases mean?
11. Which intermetallic phases do you know?
12. Explain eutectic and peritectic phase diagrams on the basis of 

underlying G(x)-curves of all relevant phases.
13. What are high entropy alloys?
14. What must elements fulfill to be able to form a high entropy alloy?
15. Why are high entropy alloys an interesting research topic?
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Measuring heat capacity (enthalpy) 

Differential scanning calorimeter


