CHAPTER 9: PHASE DIAGRAMS

ISSUES TO ADDRESS...

A When we combine two el eme
what equilibrium state do we get?

A Il n particular, if we spec

--a composition (e.g., wt%Guwt%Ni), and
--a temperature (T)
then...

How many phases do we get?
What is the composition of each phase?
How much of each phase do we get?

oNickel atom
*Copper atom



COMPONENTS AND PHASES

A Components
The elements or compounds which are mixed initigly., Al and Cu)
A Phases

The physically and chemically distinct material regions that result
from interaction between components (gagandb).

Aluminum- B (lighter
Copper phase)
o (darker

phase)



Phase Diagrams

} A phase diagram shows what phases are
present and where the process boundaries are
within the composition space.

1+ Equilibrium phase diagrams represents
relations between temperature, pressure,
compositions and quantities of phases at
equilibrium.

} Phase diagrams allows to predict phase
transformations which occur during
temperature change (e.g. upon cooling).




Phase Equilibrium

We are all familiar wittphase transitionsvhere a substance transforms from one
stable phase to another at an equilibrium temperdtoreexampleice will be in
equilibrium with liquid water at 273.15 K and 1 atmosphere pressure, or liquid v
will be in equilibrium with water vapor at 373.15 K and 1 atmosphere.

Let us briefly consider the thermodynamic principles involved in phase transitio
We assume that we know nothing about the conditions under which two phase:
be in equilibrium. The only things we know are tngeria for equilibrium under
certain conditions:

Afor a closed isolated systernthat is, theentropy, S, seeks maximum:dS;,? 0

Afor a system at constant temperature and voluthe Helmholtz free energyA,
seeks aninimum:dA;,,¢0

J

Afor a system at constant temperature and pressbesSibbs free energyG, seeks
aminimum: dGp¢0




Free Energy: Summary

AThe energy like property or state function of a system in thermodynamic equilit
has the dimensions ehergyand its value is determined by the state of the syster
and not by its history expressed in two forms:

theHelmholtz free energi, and theGibbs free energys,

Alf U is the internaénergyof the systemPV the pressur&olume product, an@iSthe
temperatureentropy product, then

A=U-TSandG=U +PVi TS=H-TS

AFree energyis an extensive propertye., themagnitude depends on the amount
of the substance present in a given thermodynamic state.




Free Energy and Phase Equilibrium

Two phasea andb each contain a different amount of two componérasd?2.
Consider the transfer of a small amount of component 1 from phasghaséb.
The effect of Gibbs energy of phases will be:

UG

dG, =—2dN;
1
G
dG, = - > dN/
MN,
but
dN? =-dN/
[o] G ~
also 4G, =0G, +aG, =g - B giny =0
C N UNp =

or




Phase Equilibrium

d GI _ E-GII ) 8 EI& ~ . 5 GP
aﬂlI 3“111 . BH:LIII T H.HIP
88 _ 38y 86y _ 36 In general if we hav€ components
g NI y 11 atHIII' ““““ - o E ——
2 2 2 %, andP phases, a set of equilibrium
06, asy  se s, Equations will apply
R U ) an, ™t ST i an,’
- | Each of the C rows of equation hasl(P
| equations for total o€ (P-1) associated
L L < L. 3 with free enerqy criteria
an  aw It gn M - o n

It is alsoP equations associated R - I * X5 o=
with thecomposition criteriai.e. N S S L I
sum of the mole fractions, X for oo c

the given phase must be equal to onex;™ « x™ « £+ . ... .. e XLy

Total Number of Equations: :
| {(C(P-1)+P} xlp + KZP + 1{3? ooe e + xcP = 1
L



Gibbs Phase Rule

AThe number of independent variablEs, (degree of freedon) for the thermodynamic

system isTotal Number of Variables minusNumber of Equations {(CH)+P}.

AThe thermodynamic variables are: temperatillyepressurel) and composition
of each phase&JP: C variables for each P phase)

AThus degree of freedom F :
F=CP+2C(P1)i P

F=CiP+2 This is the Gibbs Phase Rule

For most routine material processing involving condensed system the effect c
pressure is slight and Patmthus we do have one less degree of freedom:
F=CiP+1

Example: pure metal at melting poinC = 1, P=2 %olid + liquid) giving F=0

no degree of freedom only one temperature!!

For binary systen®=2, P=2 thus F=2-2+1=1 thussolid + liquidphases can coexist
akange of temperatures!!

W NN




Examples: One- Component Phase Diagrams

Temperature \ 7(°C)
7 Ay 100 Steam ﬂ C_)
Water Triple point:  F=1-3+2=0
Melting point: F=1-2+2=1
aeszzoosoo--nmmmmeommemeoe 0 lce Boiling point: F=1-2+2=1
Temperature T(C)
Liquid
%232 c; _— Pure Fe
o0 Projection of the phase diagram
o e Information at 1 atm generates
a temperature scale with importar
transformation temperatures for ir

1 atm
Pressure (log scale)




Free Energy and Phase Diagram

Powerful feature of the free energy is its ability to indicate
the equilibrium state for materials.

Thermodynamically stable phases

Equilibrium phases
l G
G E %
| |
% :
Phases are in Equilibrium | 20

| |

l |

0 100 T('C)

H,O P=1 atm Pure Iron P=1atm

ReminderPhase is chemically homogeneous
portion of the system




Entropy: Statistical Definition

An the statistical interpretation efitropy, it is found that for a very
large system in a thermodynamic equilibrium stargropy Sis
proportional to the natural logarithm of a quanWyrepresenting
the maximum number of microscopic ways in which the macrosc
state corresponding t®can be realized; that is,

S=klnW,

In whichk is the Boltzmann constant.

At T=0 K system is in secalled basic state with W=1 and hence S=0

THUS: ¥n_\](OS =01 THIRD THERMODYNAMIC LAW




The Enthalpy

Enthalpy is an energylike property or state function, it has the dimensions of
energy, and its value is determined entirely by the temperature, pressure, and
composition of the system and not by its history.

In symbols, theenthalpy, H, equals the sum of the internal enetdyand the
product of the pressurg, and volumey, of the system:

H=U+PV

According to the law oénergy conservatiomf the only work done is a change of
volume atconstant pressureheenthalpy change is exactly equal to the heat
transferred to the system:

C,= (dH/dT ),




Statistical Thermodynamics: Example

}  Entropy of mixing of solid solution:

Consider case of binary (A - B) substitutional solid solution where
we have N, total atomic sites and n atoms of A elements and
hence (N,- n) atoms of element B.

The number of distinct ways in which A and B atoms can be
arranged on N  sites is:

W= N I/n!(N .- n)!
Thus the entropy of mixing DS, for the solid solution:
DS, =k In [N/ !/n!(N ,-n)!]

Because N. is typically large we canuse St i r | approgiGation:
In N! (/& InN & N) and in this case
DS, =N, k[n/ NgIn (N,/n) +(N ,-n)/N , In N /(N ;- n)]

Or taking into account that atom fraction of element A, X A and B, Xg:
DS, = - Ny k[X, In X, + X glIn Xg] or for 1 mole of solution (N ;= Njy4)




Statistical Thermodynamics: Example

ASp,
(J/K) /mol

where R=kN ,,, 0 Universal gas constant

A general feature of this plot is that the

~entropy increases with increasidggree

of fAdi seweaesehted by the randor
mixing of unlike atoms



Phase Diagrams: Binary Systems

AMaterials composed of two chemical components (A and B), which can be elem
or chemical compounds

|deal solution: average chemical bond

strength between like atoms-@and BB)
Absolute entropy of . : i
/each components IS equivalent to that between unlike-B atoms

om—
———
- —

Total entropy of the } :
system without mixing The enthalpy’ H, Is dlrectly

0 ® | related to energy and for
ideal solution the plot H vs
ASm Ha

composition is a&trait line.

Sp,

Mixing term

It meanghat enthalpy of

D Xg | | mixing DH,,,, is zero over
s /_ _ —— * ® | composition range

The total entropy

Entropy of mixing of two elements
| DS, = -R [X, In X, + Xg In Xg]

Xg



Phase Diagrams: Binary Systems

The resulting plot
for Gibbs free energy

/ AFor ideal solution case, the component A and |

can be dissolved in each otherll proportions

G, H,TSG GuH-TS .;, Go —Hi TSn
G,,=H-T(S,+DS) = G,-TDS < G,
o . Question at phase equilibrium whether the

! Xg I system exists asswlid or aliquid solutior? !!!




Temperature Dependence

The answer: either or both !

Mixture of
o liquid (X)+Solid(X,)
Liquid is stable
is stable
Ti<TmaA.Tm,B / TmA<T2<Tm.B
Ta>Tma, Tm.B
G : .
o G
< . Liguid
Liquid \ Solid
S~ _ [ is stable
Solid Soid /
_Solid Liquid Ciquid
is stable is stable .
h " L : 'lir * x2 1
Xg | X8 | A Xg B
A B A

Temperature below meltingTemperature above meltinGemperature between meltir
points of both elements  points of both elements points of pure A and pure E

(dashed line is Free energy

Gsolid\\<\(j;|iquid \IGSO“d > Gliquid of the solid+liquid mixture)

=



Binary Phase Diagram

Approach shown above leads to a binary phase diagram
with complete solid solution

A Phase
Temperature Dlag rfam
T | i T(°c)  for Cu-Nisystem

HasE (L) 1600

1500 L (liquid) “©

Bilid Sciution { 55}

1400 -

1300 -

T E— B 1200 [ a (FCC solid

solution)
AA

1100 ¢

1 I I
OOOO 20 40 60 80 100

wt% NI




Phase Diagrams

1 A phase diagram shows what phases are present and where the process
boundaries are within the composition space.

»  Equilibrium phase diagrams represents relations between temperature,
pressure, compositions and quantities of phases at equilibrium.

;  Phase diagrams allows to predict phase transformations which occur
during temperature change (e.g. upon cooling).

The following type obinary (contains only two component) systems will
be discussed below:

- complete solubilityisomorphous

- eutectic

- with intermediate phasesr compounds

- Involving eutectoidandperitecticreactions




THE SOLUBILITY LIMIT

A Solubility Limit: 100 F——————————————————
Max concentration for L Solubility Limit L
which only a solution occurs  § 80 1 figuid)
()] -
(remembelUME ROTHERY RULES) £ 60[" (jiquid solution +
- g 20k i.e., syrup) S
Example: Water Sugar System| 2 (solid
_ ] 0 . __sugar)
Question: | | [
What is the solubility limit aPOC? 0 20 40 60 80 100
Answer  65wit% sugar. © &  Composition (Wt% sugar) 2 &
If Co < 65wWt% sugarsyrup = T o
If Co > 65wt% sugarsyrup + sugar.

A Solubility limit increases with T:
e.g. at T=99°C, solubility limit is ~ 80wt%




EFFECT of T and COMPOSITION

A Changing T can change number of phases: Aotiti.
A C h agcanichamge Mimber of phases: fath D.

B(100,70) D(100,90)

WaterSugar (G,H,,0,,) 1 phase 2 phases
system 100 | | | e
L - 200
80 |— Solubility limit
s | 150 &
~ 60— )
g Liquid solution (syrup) Liquid =
g i I solution 5]
a I + £
£ 40— : solid —4100 ©
i : sugar a
= I
v
20— ®A (70, 20)
T | | ‘ 2 p?ases mE
| |
Sugar OO 20 40 60 80 100
Water 100 80 60 40 20 0

Composition (wt%)



Binary Isomorphous Systems

A Isomporhous system is characterizedtoynpletdiquid and solidsolubility
of the components

A For this course:
--binary systems: just 2 components.
--independent variables: T and, (P = 1atm is always used).

1;50(:) Phase boundaries
APhase liquidus andsoliduslines
Diagram 150008
for Cu-Ni A 1 C (homogeneous liquid solution)

1300 A -B andL
1200
1100 ¢ i A - A (Fcc solid solution)

| | | |
20 40 60 80 100wt% Ni




PHASE DIAGRAMS:

Number and Types of Phases Present

A Rule 1: I1f we know T and G then we know:
-the number and types of phases present.

A Examples: 1600
A(1100 C, 60 wt%): 1500

1 phase: a
B (1250, 35): 5
2 phases: L +a el: 1300
1200
1100

1000

a(FCC solid
solution)

________ {-------#A(1100,60)

0

20 40 60 80 100
wit% Ni

Cu-Ni
phase
diagram



PHASE DIAGRAMS:

Composition of Phases

ARule 2: If we know T and G, then
we know:the composition of each phase Cu-Ni system

A Examples:
Co== 35W1%Ni
A at T.=1350 C.only one, Liquid

phase exists with composition: o
35 wt % Nii 65 % Cu -

Aat T,=1175 C, agaionly one
solid phase exists with composition: D
35 wt % Nii 65 % Cu 2 DR—

30 20 - 50
G Ca wivo Ni
A at T;=1250 C,wo phase 32 35 43

(I_"anda) exisf[ With COMPOSIIONS: 1ig jine s anisothermin the twephase region.
LT 32 wt% Ni- 68%Cu

Intersects of this line with phase boundary lines (e
liquidus and solidus) give the compositions of the

corresponding phasés.g. liquid and solid solutions




THE LEVER RULE: A PROOF

ASum of weight fractions:

A Conservation of mass (Ni):

A Combine abave equations:

:COL _CO —

S

WL

Ca —CL

R+S

W +W, =1
Co =WLCL +W,C,

_Co _CL —

a_CG_CL

R
RTS

A A geometric interpretation:

C, ©Co

Ca

moment equilibrium:

W R =W,S
N
1‘ Wa

solving gives Lever Rule




Microstructure Development:
Equilibrium Cooling

L (liquid) yBSWt%Ni

T(°C)

Example: Cu-Ni system
-slow coolingalong the
line with C, = 35wt%Ni.

ASolidification in the solid + liquid
phase occurs gradually upon coolin
from the liquidus line.

AThe composition of the solid and
the liquid change gradually during
cooling (B2 C- D, as can be
determined by the tiéne method.)
ANuclei of the solid phase form ano
they grow to consume all the liquid

L: 35wt%Ni |
a :46wt%Ni _|

at the solidus line.

1300

9
1200

50

:132wt%NIi

[43wt%Ni

:[24wWt%NIi

1| 36Wt%Ni

| 35wWt%Ni

wt% Ni



Microstructure Development:

Non-Equilibrium Cooling

Example: Cu-Ni system;
Rapid coolingalong the line
with C, = 35wt%NI.

ASolidification in the solid + liquid phase s
occurs gradually.

Arhe composition of the liquid phase evolv
by relatively fast diffusion, following the
equilibrium values that can be derived fror
the tieline method.

AHowever, diffusion in the solid statesw.
Hence, the new layers that solidify on top
the grains have the equilibrium compositio
at that temperature but once they are solig
their composition essentially does not cha
This lead to the formation of layered (core
grains and to thanvalidity of the tie-line
methodto determine the composition of th

e

N

Temperature (°C)

ol
n
|
N¢
d)

e

solid phase.

1300

1200

1100

—  a(46 Ni)

L (24 Ni)

L (29 Ni)

60
Composition (wt% Ni)



A 4 clanges as we solidify.

A -NCaase: First a to solidify has C, = 46wWt%Ni.
Last a to solidify has C; = 35wt%Ni.

A Fast rate of cooAiSlgaw rate of
Cored structure Equilibrium structure




