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* A Phase Diagram describes the state of a materials system in
thermodynamic equilibrium as a function of temperature, pressure
and composition.

* Phase Diagrams are maps of the equilibrium phases associated with
various combinations of temperature, pressure, and composition.

* A Phase Diagram is a type of chart used to show conditions at which
thermodynamically distinct phases can occur at equilibrium.
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Components and phases

* Components:
The elements (or compounds) which are mixed initially

* Phases:
The physically and chemically distinct material regions that result
in other words:

The phase is a homogeneous part of the space and the phase is limited by a
phase boundary
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Thermodynamic equilibrium

* Condition for 2 phases to be in equilibrium

U = paP
Ug™ = MBB
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Thermodynamic equilibrium
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What do we need phase diagrams for?

For example:

* to understand solidification processes
* = microstructure - properties

* to characterize compounds and phases
* CucZng, InSh, ...

* to understand reactions
* Soldering, surface layers, ...
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Number of metallic phase diagrams

(assuming: 80 metallic elements)
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No. of No. of Approx. No. of
components possible investigated
systems systems

1 80 80
2 3160 2500
3 82 160 3000
4 1581 580 200
5 24141 016 20
6 300 500 200 -
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Where to look for phase dlagral NS

 Collections of phase diagrams (printed):

* T.B. Massalski et al. (Ed.) Binary Alloy Phase Diagrams, 2nd Edition (3 volumes)
(ASM International 1990)

 P.Villars, A. Prince, H. Okamoto (Ed.): Handbook of Ternary Alloy Phase
Diagrams (10 Volumes) , ASM International (Materials Park, OH), 1992.

 ASM Handbook Vol. 3 Alloy Phase Diagrams, ASM International 1992

* Collections of phase diagrams (online):

* SGTE Free Binary Alloy Phase Diagrams (and many others)
http://www.crct.polymtl.ca/fact/documentation/
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Where to look for phase diagrams?

 Journals on phase diagrams:
 Journal of Phase Equilibria and Diffusion (Springer)

e CALPHAD — Computer Coupling of Phase Diagrams and Thermochemistry
(Elsevier)

* Books on phase diagrames:

* B. Predel, M. Hoch, M. Pool, “Phase Diagrams and Heterogeneous Equilibria”
Springer (2004)
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Gibbs phase rule

P+F=C+2

P = number of phases
C = number of components

F = degrees of freedom (number of variables that can be varied
independently) (T, p, X;)

If the pressure is kept constant:
P+F=C+1

10



European
Funds
Knowledge Education Development

Lever rule

If we know T and Xg then we know:
* how many and what phases are present

* the composition of each phase

* the amount of each phase:
F,=a/ (a+b)
F.=b/(a+b)
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Definition of composition

* Molar (atomic) fraction

* Atomic percent

* Mass fraction

* Weight (mass) percent

‘]CIQ o X: =
2in; "

l

at% A = x,-100

Wy = W; =
xim; -

wt% A= w, 100

xA'MA
xA-MA+xB-MB

wtih A =

100

12
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Unary phase diagrams, example: H,O

Critical point

’ F=C-P+2

a,b: C=1,P=1
prelure 5 F=1-1+42=2
C: C=1,P=2
0008 i |- - - - - - F=1-2+2=1
Triple pt.:

.=

1002 J74% C — 1’ P - 3
F=1-3+2

Ternperature ———

|
o

Project WND-POWR.03.02.00-00-1043/16
International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction
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Binary Phase Diagrams

* Isomorphous Systems

* Eutectic Systems

e Eutectoid Systems

* Peritectic Systems
 Peritectoid Systems

* Monotectic Systems

* Syntectic Systems

e Congruent transformations

European Union
European Social Fund
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Isomorphous systems

Information from this diagram:

1500 « Two phases: o and L, but three phase fields:
1455°C
L (Liquid solution) 1398°C L, L+a, a
1400+ P * Pure Ni melts at 1455°C
o Ezoc * Pure Cu melts at 1085°C
g 1300  Pure component melts at a fixed temperature,
g an alloy melts in a temperature range.
% 12007 « Cu-80at%Ni starts to melt at 1382°C
- (solidus), and becomes complete liquid at
1100_108500 o (Solid Solution) 1398°C (liquidus)
* Liquid and solid coexist between the liquidus
B 20 40 60 80 100 and solidus temperatures
‘3 Cu Atomic Percent of Ni Ni

Adapted from
www.computherm.com

Project co-financed by the European Union within the European Social Funds
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Isomorphous systems, Equilibrium solidification
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o
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Adapted from
www.computherm.com
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Isomorphous systems nonequilibrium solidification

Temperature[°C]
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L+a

‘55’ (61%Ni)

(57%Ni)

1400
[50%N1] L
- (SO%N:]
(61%Ni)
13501
44%N|
1300 4 L(38%Ni) &
AT
L(33%Ni) E§§-a@4AM
V4
LQS%N0~\\ *4£ s1(50%Ni)
1 Q
N |\
12504
1200

{46%Ni)

Non-equilibrinm
solidus due to
undercooling of the
ligquid phase and
low diffusion in the
solid phase

L
{44%Ni)

a.
{57%Ni)

L
(38%Ni)

o
{54%Ni)

(50%Ni)
L
(33%Ni)

0.8

Adapted from

www.computherm.com
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Examples of isomorphous systems: Ag-Au

1100

1080

1060

1040

1020

1000

980

960

940

920

900

L
4 Wi gl Special cases:
Data from SGnobl noble metal alloy database
. : | _ FactSage L+a asl
RO Maximum - 2
7 =
| A B
@) Composition
i L
FCC_A1 I é Lia a+l
i Minimum > : )
62 &4 dﬁ 68 1
A B
Composition

Auw/(Ag+Au) (mol/mol)

PR 05 05 00 o3 Source: ASM Handbook
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Au - Ni, 1 bar

Data from SGnobl noble metal alloy database
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Au -Cu, 1 bar

Data from SGnobl noble metal alloy database

Special cases of isomorphous systems: Au-Ni, Au-Cu

FactSage

1200 T

: . T g T

LIQUID

FCC_A1

FCC_A1+FCC_A1#2

Miscibility gap

T

1000

800

600

T(G)

400

200

Superstructures

LIQUID

FCC_A1_AuCu

0 02 04 0.6
Ni/(Au+Ni) (mol/mol)

0.8 1 0 02

Project co-financed by the European Union within the European Social Funds
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Cw/(Au+Cu) (mol/mol)
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Eutectic systems

400

Information from this diagram:
] « Eutectic reaction occurs at 187°C and 76 at% Sn:
300- L & a+f.
« Alloy (0.31<x¢,<98%) starts to melt at eutectic
e - 18700 5, reaction temperature 187°C and becomes complete
031 076 098 liquid at liquidus.
* « Alloy (x5,<0.31 or xg,>98%) starts to melt at
1% a+p solidus, and becomes complete liquid at liquidus.
* Solubility limit of Sn in o phase varies with
ot - - — — J temperature, maximum solubility of Sn in a phase
‘3 Pb X(SN) sn  is 31 at% at 187 °C.

Adapted from

www.computherm.com
‘ 20
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Microstructure of eutectic alloy

400
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L
(76%Sn)

300

g

{31%8n)

g | (98%8Sn)
° | &
-} ! hes
© 200- o ' privenal
S @sgsm
= 6
)
P |
100
o+
0 . . . ;
0 0.2 0.4 0.6 0.8
‘3 Pb x(Sn) Sn
cooling
L(76at%Sn) =—— a(31at%3n) + 5(98at%sSn) Adapted from
tin
e www.computherm.com
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Microstructure of solid solution o

Temperature[°C]

1004
o+p

(Col

0 0.2 0.4 0.6 08 ‘
‘3 Pb x(Sn) Sn

Adapted from
www.computherm.com

Project WND-POWR.03.02.00-00-1043/16
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Microstructure of an alloy which exceeds solubility limit

400

e

300 :

Project WND-POWR.03.02.00-00-1043/16
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fs: |: L+a
M 2004 o 187°C
Q 0.31 0.76 0.98
0 1
!—
o+p
0 T T ] 1
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‘3 Pb X(Sn) Sn

Adapted from

www.computherm.com
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Microstructure of
hypoeutectic alloy

8
1
1
1
+0
2187°C L+p o
0.31 : 0.76 0.98
1
o+f3
0.2 0.4 0.6 0.8 1
x(Sn) Sn

Adapted from
www.computherm.com
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Ag-Cu system
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Data from: COST MP0602 database

® 3 LIQUID
1000 -
eutectic
point
o
800- b L+ o,
a4 @
eutectic isotherm .
5 %
= %
600
o
400 ¢
200 . . . .
‘3 0 0.2 0.4 0.6 0.8 1
AG x(CU) Cu

roject co-financed by the European Union within
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European Social Fund

F=C-P+2
P = const.
F=C-P+1

the European Social Funds
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Examples of eutectic systems: Ag-Bi, Sn-Zn

1300

Data from SGTE solders database (revised 2008)

Ag - Bi

1200

1100

1000
900
BCIEIFc
700
600
500

400

LiQuiD

300

FCC_A1 + RHOMBO_A7

1 " 1 N 1

0.1 0.2 0.3

0.4 0.5 0.6
mole Bi/{Ag+Bi)

Sn-2Zn
Data from SGTE solders database (revised 2008)
FactSage 1000 FactSage
900 -
] 800 U
LIQUID
] 700 5
)
=
600
LIQUID + HCP_Zn
500 A B
400 |+ -
] BCT_A5 + HCP_Zn
1 1 3 | 300 1 1 . 1 % 1 2 1 - 1 1 1 1
07 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1
mole Zn/(Sn+Zn)
P ND-POWR.03.02.00-00-1043/16
i Maotenals Science with English as the longuage of instructior 26
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Examples of eutectic systems: Al-Si, Bi-Cu

Data from: COST 507B database

LIQUID

(AL)+LIQUID

| LIQUID+S
577°C
i (AL)+SI
0 0.2 0.4 0.6 0.8 1
AL x(SI) sl

1000

—

TIC

European Union
European Social Fund

Data from: COST MP0602 database

800

600

400+

LIQUID

Cu+LIQUID

200

BI+(CU)

0.2

Project co-financed by the European Union within the European Social Funds
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Examples of eutectic systems: Bi-Cu

Data from: COST MP0602 database

300
1000 LIQUID
290+ LIQUID
8004
(CU)+LIQUID
280
__600-
o CU+LIQUID
|_
270.5°C
270
400 degenerate
«—  eutectic
260 200-
BI+(CU) BI+(CU)
250 T T T 0 T T T T
A 0 0.005 0.01 0.015 0.02 a0 02 0.4 0.6 0.8
B x(CU) B x(CU)
28
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Eutectoid systems

1200+

1000~

800

Temperature[°C]

L+Graphite

v, Austenite

Fe,C, Cementite —

1 2

3

4

Composition (wt% C)

A INSTITUTE OF METALLURGY European Union
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Information from this diagram:

Fe-C stable phase boundaries are represented
by pink dot lines, and Fe-Fe;C metastable
phase boundaries are represented by blue
solid lines.

Fe,;C phase is a line compound (6.7 wt% of
Carbon) without any solubility.

Carbon is an interstitial impurity in iron and
forms a solid solution with the a, y, 6 phases.
Eutectoid reaction is a solid state reaction
with no liquid involved: y < o + Fe,;C.

Adapted from

www.computherm.com
29
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Fe-Fe,C system, formation of pearlite

Due to the eutectoid reaction: y ¢ a + Fe;C, pearlite structure is formed.

Pearlite: alternating layers of o and Fe;C phases, not a single phase. —

Austenite
f,:l";dary \ * Nucleating at y grain boundaries. % 800
* Growth by diffusion of carbon to =
achieve the compositions of a and Fe,C -
(with structure changes). 3
 According to lever rule, the amount of @ °%7 a+Fe,C
Austenite (y) o is much larger than that of Fe,C,
resulting in a much thicker o lamellae.
400 T T T
@rowth 0 0.5 1 1.5 2
direction of & Fe Composition (Wt(%) C)
pearlite
Cementite Carbon
(FeC) diffusion Adapted from
Project WND-POWR.03.02.00-00-1043/16 WWW.COMp utherm.com
al interdisciplinary PhD Studies in Moterials Science with English as the language of instructior 30
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Fe-Fe,C system
proeutectoid
microstructure

1600

o
0 L

1400

o 7, Austenite
=
o
® 800 )
= »

o, Ferrite (q?;

600 e
Proeutectoid «
1 2 3 4 5 6
Composition (w% C)
Eutectoldia: T Adapted from
ject WND-POWR.03.02.00-00-1043/16 WWW.COM p u ‘t h erm.com
31
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Fe-Fe,;C system,
hypereutectoid

microstructure
L
¥ Austenite

\\’ b

%

=

o)

-

a, Ferrite”] %

600 - | (I

\SPearlite ] 3 1 3 i 3
Composition (W% C)
FooC Adapted from
p WND-POWR.03.02.00-00-1043/16 WWWwW.COomp Uth erm.com

uctior 32
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Information from this diagram:

2000
L
O 1500-
'6' L+,
| -
2
©
o 1186°C 0.80
S 0.22 0.59
-
@O 1000
—
7 Y42 V2
500 . T T T
0 0.2 04 0.6 0.8 1
& Pt x(AQ)

Pro

Peritectic reaction occurs at 1186°C,
Liquid containing 80 at% Ag reacts
with v, containing 22 at% Ag:

L+y, <1,

Alloy (22%<x,,<59%) starts to melt at
peritectic reaction temperature
1186°C and becomes complete liquid
at liquidus.

Alloy (X4,<22% or x,,>59%) starts to
melt at solidus, and becomes
complete liquid at liquidus.

Adapted from
www.computherm.com

yect co-financed by the European Union within the European Social Funds
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Microstructure in a
peritectic system,
0.22 < x(Ag) < 0.59

Adapted from
Project WND-POWR.03.02.00-00-1043/16 www.computherm.com
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Microstructure in a
peritectic system,
x(Ag) = 0.59

2000

1186°C 0.80

Adapted from

Precipitate 7, www.computherm.com

T2 35
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Microstructure in a
peritectic system,
0.59 < x(Ag) < 0.80

2000

1186°C

0.80

Ag

Adapted from

” www.computherm.com
e R 36
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Bi-Ni system (another example)

Data from: COST 531 database

4
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1500
1250 ] LIQUID
1000+ FCC+LIQUID
Q. 7504
= 645.9°C
/ BINI+LIQUID
500 464.8°C FCC
/464.8°C BINI
250 BI3NI
O T T T T
A 0 0.2 0.4 0.6 0.8 1
BI x(NI)

NI

European Union
European Social Fund

Information from this diagram:

Two peritectic reactions and eutectic
reaction

Peritectic reaction L + FCC « BINI
occurs at 645.9°C.

Peritectic reaction L + BINI < BI3NI
occurs at 464.8°C.

Eutectic reaction L <» BINI + RHOMBO
ocurs at 269°C.

Incongruent melting of phases Bi3Ni
and BiNi.

37
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Peritectoid systems

1000 o o o
Information from this diagram:
Liquid * Peritectoid reaction is a solid
800+
_ state reaction without any
e B liquid involved
5 00, iquid involved.
2 * * Peritectoid reaction occurs at
— o
“é 400- - 358°C and 18.6 - 24.8 at% Al:
e a+8& e p
200
il
0 T T T T
0 0.2 04 0.6 0.8 1
‘3 Ag Atomic Fraction of Al Al
Adapted from
www.computherm.com
Project co-financed by the European Union within the European Social Funds |

38



Monotectic systems
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1000
Liquid
800
L,+L,
o L, 633°C L,
® 6004 0.06 0.8
=
©
|
8
= 400 L+
()
|_
200 156°C
o+
0 T T T T
0 0.2 0.4 0.6 0.8 1

Atomic Fraction of In
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Information from this diagram:

Monotectic reaction occurs at 663°C and 6 at%
In: L, < a+L,.

Alloys of all compositions start to melt at
eutectic temperature 156°C: L < o + f3.

Alloy (x;,<6at% or x;,>88at%) becomes complete
liquid at liquidus.

Alloy (6at%<x;,,<88at%) becomes complete liquid
mixture (two liquids with different compositions)
at 663°C.

Adapted from

www.computherm.com
‘ 39
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Examples of monotectic systems:
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1100 |

900
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Cu-Pb, Ag-Ni

Project co-financed by the European Union within the European Social Funds

Cu-Pb Ag - Ni
Data from SGTE solders database (revised 2008) Data from SGTE solders database (revised 2008)

T T T T T T T 1 Facltlsaqe 2000 FaCtsaqe
. LiouiD LIQUID + LIQUID#2
Y\\\\““-hhﬁh 1 1800 &
| FCC

. 1600 | ¥
LIQUID + FCC_A1
! l )
LIQUID + FCC_A1 0 fabe
- 1200 | i
5 . 1000 | FCC_A1 + FCC_A1#2 -
FCC_A1 + FCC_AIR2 1

1 | 1 . 1 1 1 1 1 1 200 | 1 | 1 | 1 1 1 1 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
mole Ph/(Cu+Ph) mole Ni/{Ag+Ni)
D R 04 i3
in Motenaols Science with English as the language of instructior 40
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Monotectoid sytems

Data from: COST MP0602 database

Information from this diagram:
 Monotectoid reaction occurs at 277.2 °C and
59 at% Zn: FCC_#2 «— FCC_#1 + HCP
* Solubility limit of Zn in FCC phase varies

with temperature, solubility of Zn in FCC

600 + LIQUID

400+ 380.9°C _—7 ]
/ /( phase is 14 at% at 277.2 °C.
M*M 277.2°C HCP « Eutectic reaction occurs at 380.9°C and 88
oo at% Zn: L — FCC + HCP.
0 . . . .
a 0 0.2 04 0.6 0.8 1
AL x(ZN) ZN
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Synthetic systems

1000

800

o2}

o

o
1

Temperature[°C]

200

Liquid .
815°C
[ ]
L,+L,
L, L, o
0.094 557°C 0.944 j
Pl
419°C ¢
<
N
©
Z °
. 98°C B
0 0.2 0.4 0.6 0.8 1
Atomic Fraction of Zn Zn

A v

Information from this diagram:

Syntectic reaction occurs at 557°C: L;+ L, <» NaZn,,.
Alloys (x,,<92.3at%) start to melt at eutectic
temperature 98°C: L < o+NaZn,;.

Alloys (x,,>92.3at%) start to melt at eutectic
temperature 419°C: L < B+NaZn,;.

Alloy (x,,<9.4at% or x,,>94.4at%) becomes complete
liquid at liquidus.

Alloy (9.4at%<x,,<94.4at%) becomes complete
liquid mixture (two liquids with different
compositions) at 557°C.

Adapted from

www.computherm.com
‘ 42
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Summary of invariant reactions in binary systems

Reaction

Eutectic
Eutectoid
Peritectic
Peritectoid
Monotectic
Monotectoid

Syntectic

Symbolic Schematic

equation presentation

L<>a+ B o L 8 Cu-Ag, Pb-Sn, Al-Si
a&>B+y B O y Fe-C
L+ a<>B o) — \L Cu-Fe, Pb-In
p

o+ By o \ \,[é Al-Cu
L, <L+ a o Q/\L{ Cu-Pb, Al-In
a,$>a,+ 8 Q;/\% Al-Zn
L.+ L, <>a Na-Zn

1T b L;// ~ \Lé

Project co-financed by the European Union within the European Social Funds
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Adapted from

www.computherm.com
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Congruent transformations, example: Mg-Si

1400 - Congruent transformation - when one phase
Liquid changes directly into another without change
12004 in composition.
1087.2°C L+y L & B
) 10007 949.2°C oL = (Mg)
= 0.541 .
= B = Mg25|
800+ =P Y =Si
w0 T 49.2C By System can be divided into two independent
eutectic systems.
o+
400 T T T T T T T T

0 01 02 03 04 05 06 07 08 009 1
Mg X(Si) Si
Data from: COST 507B database
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Congruent Transformations, examples: In-Sb, Cu-Mg

1000

900

800

700

600

500

400

300

Data from SGTE solders database (revised 2008)

In-Sb

Data from: Liang et al. CALPHAD (1998)

FacltSaqe

LiQuiD

1000
LIQUID

800

(CU)

600

T[C]

InSh(s)
400

InSb(s) + RHOMBO_A7 — CU,MG

200+

TETRAG_AG + InSb(s)

«—CUMG,

0.1 0.2

0.3

0
0.4 05 0.6 0.7 0.8 0.9 1 ‘3 0 0.2 0.4 0.6
mole Sh/{In+Sh) Cu x(MQG)

Project co-financed by the European Union within the European Social Funds
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Intermetallic compounds (Phases) - nomenclature

Frequently designated by Greek letters: a, B3, v, 0, ...
* Sometimes: =2 [3 for bcc phases
—> v for compounds with g-brass structure (Cu.Zny)
- o for compounds with a certain tetragonal structure
(as in Fe-Cr system)
* Sometimes designated as compound, like:
- Mg,Si, Cu,Sn, CucZn,, ...
* Sometimes non-stoichiometry is indicated, for example:
- Fe. S, Ni.Sb, ...
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Congruent Transformations, example: Fe-Cr

2000

1800+ LIQUID

1600

1400 - d

1200 o . : .
a: melting point minimum

1000+

T[C]

C b: congruent transformation y <> o at minimum

8004 |
600- /m c: congruent transformation o <> ¢ at maximum

400+

al+all
200+

0 :
A0 01 02 03 04 05 06 07 08 09 I
FE x(CR) CR

Data from: Lee, CALPHAD (1993)
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A case of Ag-Pt system

Atomic Percent Platinum
10 20 30 40 50 80 70

80
1800 T Ay T Tt T T T r Ay

14004

Karakaya & Thomson,
Bull. Alloy Phase Diagr. 1987
(reproduced in ASM Handbooks)

Pt

Weight Percent Platinum
0 10 0 30 4 50 60 ;:u 80 % 10
1800 T T T T T T T ' i 1769.0 °C
1600 1
L
1400
1200 < 310 40.0 — B7.0 ®y F
30 803 °C 939 3
- £ _
2
400 T T T  DARRARRENY | T T | T o
10 2 0 I 50 &0 0 80 %0 100
Ag Atomic Percent Platinum Pt
Durussel & Feschotte,
J. Alloy Compd. 1996
p ND-POWR.03.02.00-00-1043

ary PhD Studies in Moterials Science with English as tf
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Ag - Pt
Data from SGTE 2014 alloy database, 1 bar
: __FactSage
2100
e —
Loun P
1600 e el p o,
1700 /
FOC_AY

1500 -

1300 -

1100 | FOECAS

oo P

FCC_AY « FOC_AY482
700
500 Hf
I!
300 1 I
0 02 IR} os 0w

PUiAg PO (molamol)

(available in commercial database)
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A case of Ag-Pt system

’“" (Ag) 50 803 °C 539
5 =
EIJI- Eﬂ L
=
! w 2 3 4 % & 8 9% o0
Ag Atomic Percent Platinum Pt

Durussel & Feschotte, J. Alloy Compd. 1996 Hart et al., Acta Mater. 2017

Project WND-POWR.03.02.00-00-1043/16
intermational interdisciplinary PhD Studies in Moterials Science with English as the language of instruction 49
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Experimental detemination of phase diagrams

* |sothermal techniques
* Metallography
e X-rays
* Quantitative determination of phase compositions in multi-phase fields
 Diffusion couples

* Non-isothermal techniques
* Thermal analysis techniques (TA, DTA, DSC)
* Chemical potential techniques
* Magnetic susceptibility techniques
* Resistivity, dilatometric methods

50
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Main phase diagram software and database sellers

{actsye

Thermo-Calc
Software

‘3 CompuTherm

FOR MATERIALS DESIGN
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Commercial database example: PanMo

Table 1.3: Modeling status for all the constituent binary systems

B C Cr Fe Hf Mn Mo Re Si Ti Ly
Al
B
C
Cr
Fe
Hf T~
Mn
Mo
Re
Si
Ti
Table 1.4: Modeling status for all the constituent ternary systems
[ : Full description

[ 1: Full description for major phases
[ 1: Extrapolation

Mo-Si-Zr |

Project WND-POWR.03.02.00-00-1043/16

International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction
Project co-financed by the European Union within the European Social Funds
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Own database example: Li-Mg-Sc system

FpY 20 —€ 20
400°C e ! |

19
600
Liquid
/ Hep+Liquid
o, /
— Hcp+Liquid
oo C cp+Liqui
-
: a(hcp)+p(becy+MgSc 3cc+Hep
0 T —_— T T
6 0 0.2 0.4 0.6 0.8
Li X(Sc (Sc)
afhcp) afhcp)+MgSc

2
Saunders, 1' |/

o - ) - o > 5 o FA) N FA) ~N N Al A [A) "~ N N ) "N N LA N () N [ N
01 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 01 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20
Mg wt.%(Sc) Mg wt.%(Sc)

J. Dutkiewicz, . Rogal, D. Kalita, P. Fima, J. Alloy Compd. 784 (2019) 686-696

Project WND-POWR.03.02.00-00-1043/16
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| ry phase diagrams — how t d th

e |sothermal Section
* |sopleth

* Liquidus Projection

Lever Rule in Ternary Field
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Reading composition in a ternary phase diagram

Isothermal Section:

Fixed Temperature C
Composition represented on x// \\XB
equilateral Triangle )

For low concentration of one

component, use a right-angled

triangle (e.g. Fe-Cr-C)
C

Xc Xc
A \ , J Y B
Xs Xa
A Adapted from
XB XA=1_XB_XC Project WND-POWR.03.02.00-00-1043/16 WWW.COmM putherm com
International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction 55
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Reading a ternary phase diagram

. oo C
e |sothermal Section: {2 Toc 1

e Phase boundary (Blue)
 Tie-line (Green)
 Tie-triangle (Red)

X

° 0 0.2 04 0.6 0.8 1
A x(B) B Adapted from
{ WND-POWR.03.02.00.00-4043/16 www.computherm.com
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Reading a ternary phase diagram

* |sopleth:

* Y-axis: temperature

* X-axis: composition

 Tie-line may not lie on the

section

1000

600+

T[C]

400+ Fcc+Liquid

Bcc+Fec+Liquid

200 Fcc+FcctLiquid

Fcc+Fee
Bcc+Fec+Fee
0 .

0 0.1 0.2 0.3 0.4 0.5
P ®) B:Cos
Adapted from

- www.computherm.com

Project co-financed by the European Union within the European Social Funds
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Reading a ternary phase diagram

I C
* Liquidus Projection: 3 o 1
 Univariant line (Blue)

 [|sothermalline (Green)
* Primary phase region

0 0.2 0.4 0.6 0.8 1
A X(8) B Adapted from
WD POWR.03.02.00.00-043/16 www.computherm.com
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Reading a ternary

Isothermal Section: .
o phase diagram
Lever rule on tie-line
‘3 T=200°C c
N Y 1
P Alloy
Md o

In Alloy P, two phases are in equilibrium: 04 - - o+ - - \Q\
Fraction of o = Length(PN) / Length(MN) A ' ' X(B) | ' 8 Adapted from

Fraction of y = Length(MP) / Length(MN) www.computherm.com
et RN ' ' 59
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* |sothermal Section: .
phase diagram

 Lever rule on tie-triangle

a T=200°C C
1

0]
o p
In Alloy P, three phases are in equilibrium:
Fraction of oo = Area(PON) / Area(MNO) o o+B
Fraction of B = Area(PMN) / Area(MNO) /i 02 o4 . o0 o8 é
Fraction of y = Area(POM) / Area(MNO) Adapted from
Project WND-POWR 03.02.00-00-1043/16 www.computherm.com
60
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| f Iernary Phase Diagrams

* |somorphous System
 Ternary Three-phase Equilibrium

* Ternary Four-phase Equilibrium
* C(Class | Reaction
* C(Class Il Reaction
e Class lll Reaction

 Congruent Transformation

e A Complex System
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Isomorphous system

Case: Three binaries are all isomorphous with 2 cigar shape
phase boundaries and 1 maximum.

900 900 900
Liquid
800 Liquid 800
O, 700 O, 7004 O, 700 Foo
= = =
600 Fec 600 Fcc 600
500 T T T T 500 T T T T 500 T T T T
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08

‘3 A x(B) B ‘3 B x(C) C a C x(A) A

Adapted from

www.computherm.com
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Case: Isothermal sections in decreasing T order.
a T=850°C 1C a T=800°C 1C

Liquid

European Union
European Social Fund

Adapted from
www.computherm.com

0 02 04 06 08 1 0 02 04 06
A x(B) B A x(B)

Liquid

0.8

x(B) ' B

Project co-financed by the European Union within the European Social Funds
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Case: Isopleths parallel to the B-C binary

900

x(A)=0.8

850

800

750

TIC]

700

650

600

Liquid

900

x(C)

x(A)=0.4

850

800

TIC]

750

700

650

600

Liquid

x(C)

Project co-financed by the European Union within the European Social Funds

900

x(A)=0.6

850

800

750

TIC]

700

650

600

Liquid

Fcc

o

900

01

02
X(C)

0.3

x(A)=0.2

850

800

TIC]

750

700

650

600

Liquid

Fcc

o

0.2

0.4

x(C)

0.6

European Union
European Social Fund

Adapted from
www.computherm.com

64



European @M, NSTITUTE OF METALLURGY European Union
AND MA
Funds @A 50015 ACADAMY OF SCIENCES European Social Fund

Knowledge Education Development

Case: Liquidus projection has no univariant line.

Adapted from
C www.computherm.com
a Liquidus

1
——Isothermal lines on Liquidus surface

Isothermal lines on Solidus surface

A | | x(B) | | B

Liquidus Projection in 2-D view Liquidus Projection in 3-D view

Project co-financed by the European Union within the European Social Funds
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Ternary Three-Phase Equilibrium

Case |: Two eutectic binary systems and one isomorphous with
Cigar shape phase boundary.

1000 1000 1000

Liquid

800+ 800
Liquid
600 600+
400 \ 400+ Fcc
Bcc Fcc

200 200+ 200

TIC]
TIC]
TIC]

0 02 0.4 06 08 0 02 04 06 08 0 02 0.4 06 08

Adapted from

www.computherm.com
‘ 66
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Case I: Isothermal sections in decreasing T order.

A A
& T=700°C & T=600°C & T=500°C
1

Adapted from
www.computherm.com

Liquid

Liquid

Liquid

0.8 1

‘3 T=400°C A
,

Liquid

1 0 0.2 Jlo4 0.6 0.8
B x(C) C B Liquid - x(C) C

ary Pho Studies in Motenais 5
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Liguidus has one univariant line starting from A-B binary and
ending at B-C binary, which separates 2 primary phase fields, Fcc
and Bcc.

£ tiidus A Isopleth through B-A, :C,

]
600 Liquid
g 400
= Fcc
Bce
200+
\ s 0.1 02 03 0.4 05
i 0.2 /0.4 06 0.8 1 ‘3 ° x(©) AosCos
350°C
B X(C) C Adapted from
Project WND-POWR.03.02.00.00-4043/16 www.computherm.com

Project co-financed by the European Union within the European Social Funds
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Liquidus looks similar for:
Case Il: Two peritectic binary systems and one  Case lll: One peritectic binary, one eutectic

isomorphous with cigar shape phase boundary. binary and one isomorphous with cigar shape
phase boundarv.

- A
a Liquidus A & Liquidus
1

Adapted from
www.computherm.com §

?
=)
=)
2

=4

4

0 0.2 0 1 0 0.2 0.4 0.6 0.8 1

B x(C) C B x(C) C

Project co-financed by the European Union within the European Social Funds
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Case IV: One eutectic binary and Two isomorphous with Cigar
shape phase boundary.

1400 1400 1400
1200 12004 Liquid 1200
Liquid
1000 Liquid 1000-{ 1000
800+ 800 800+
O o o
= Fcc = =
= Fcc = =
600 600+ 600
400 400 Fcc 400
Fcc
200+ 200 200+
o 0 o e = R ——
0 0.2 0.4 0.6 0.8

0 02 04 06 08 0 02 0.4 06 08 :
& A x(B) B a B X(C) c & c X(A) A

Adapted from

R03.02.00.004043/16 www.computherm.com
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Case IV: Isothermal sections in decreasing T order.

& T=900°C

«\Zq}

Liquid

0 0.2

0.4

x(C)

0.6

0.8

& T=700°C

Liquid

& T=580°C

0.4

x(C)

0.6

0.8

x(C)

Project co-financed by the European Union within the European Social Funds

6 T=650°C A
)

Adapted from
www.computherm.com

Liquid

0 0.2 0.4 0.6 0.8 1

x(C) c
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Liquidus has one univariant line starting from A-B binary and
ending at a minimum in the ternary field, and only one primary
phase field, Fcc.

Adapted from
| www.computherm.com
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Liquidus has one univariant line starting from a maximum in the
ternary field and ending at A-C binary, and only one primary
phase field, Fcc.

o A
a Liquidus
1

0 0.2 0.4 06 0.8 1 Ada pted from

B X(C) ¢ www.computherm.com
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Case VI: Two eutectic binary systems and one isomorphous with
Cigar shape phase boundary.

1000

1000 1000
Liquid

800 /
600

o o o

= = =

Bce
4004 Fcc
200+ 200+ 200+
0 T 0 0 T T T T
0 0.2 0.4 0.6 0.8

0 02 04 06 08 0 02 04 06 08
& X(B) B 4 s X(C) c & c X(A) A

Adapted from

www.computherm.com

Project co-financed by the European Union within the European Social Funds



European
Funds

Knowledge Education Development

y INSTITUTE OF METALLURGY
) AND MATERIALS SCIENCE
S POLISH ACADAMY OF SCIENCES

European Union
European Social Fund

Case VI: Isothermal sections in decreasing T order.

6 T=700°C

6 T=550°C A
;

Liquid

0 0.2 0.4 0.6 0.8

%
0 0.2 0.4 0.6 0.8 1

B x(C) Liquid C

Maoterials Science with English as the languaage of instructior

ary Pho Studies in Motenais 5
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a T=471°C A
,

Adapted from
www.computherm.com

0 0.2 0.4 0.6 0.8

A
a T=400°C

B x(C) c
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Liquidus lines start from a maximum in the ternary field, go separately
in opposite directions and end at the two eutectic reactions in the
binaries. Two primary phase fields, Fcc and Bcc.

o A
& LIC]UIdUS e Maximum
1

° 02 04 06 08 (1: Adapted from

www.computherm.com
76
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European Union

Ternary four-phase equilibria — class |

Class I: Three eutectic binary systems.

1200 1200

1000+ 1000+

Liquid

800-] 800-] Liquid
O, 600 O, 600+
= =

4004 Bec 4004 Bec

Fcc
Hep
2004 2004
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Class I: Isothermal sections in decreasing T order.
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Liquidus lines start from the three eutectic reactions in the binaries, join
together at one point in the ternary field. Three primary phase fields, Fcc,
Bcc and Hcp.
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Characteristics to determine whether it is a Class | four-phase
equilibrium:

Before Reaction: 3 three-phase triangles

After Reaction: 1 three-phase triangle
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o+B+y
Y Y
Before Reaction After Reaction

Class | reaction: @ =>oa +pB +vy Adapted from
Y . _VWWW.Computherm,com .
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Ternary Four-Phase Equilibrium — Class |l

Class Il: Two eutectic binary and one peritectic binary systems.
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Class Il: Isothermal sections in decreasing T order.
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Liquidus lines start from the peritectic reaction in A-B binary and the eutectic
reaction in A-C binary, join together at one point in the ternary field and then go
to the eutectic reaction in B-C binary. Three primary phase fields, Fcc, Bcc and

Hcp.
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Isopleths through 25 at.% A and 20 at.% A
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Characteristics to determine whether it is a Class Il four-phase
equilibrium:

Before Reaction: 2 three-phase triangles

After Reaction: 2 three-phase triangles
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Before Reaction After Reaction

Class Il reaction: @ +a=>pB +vy Adapted from
s o groe - VWWW.Computherm,com .
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Ternary Four-Phase Equilibrium — Class Il

Class lll: One eutectic binary and two peritectic binary systems.
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Class Ill: Isothermal sections in decreasing T order.
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Liquidus lines start from the eutectic reaction in A-B binary, split into two
directions in the ternary field and end at the peritectic reactions in A-C and B-C
binaries. Three primary phase fields, Fcc, Bcc and Hcp.
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Characteristics to determine whether it is a Class Ill four-phase
equilibrium:

Before Reaction: 1 three-phase triangle

After Reaction: 3 three-phase triangles
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Before Reaction After Reaction

Class Ill reaction: o+ B +y=>0O Adapted from
‘ TR e | VWWW.Computherm,com .
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Congruent Transformation

Case |: Congruent melting in one binary and form a pseudo-
binary in the ternary field.
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Case I: Isothermal sections in decreasing T order.

A
6 T=800°C
4

Liquid

A
& T=730°C
1

Liquid

0 0.2 0.4

Liquid

0.8 1 0 0.2 0.4 0.6 0.8 1
c B x(C) c

Liquid

0 0.2 0.4

x(C)

0.6

0.8 1 0 0.2 0.4 0.6 0.8 1
c B x(C) c

Matenals Science with English as the language of instructior

& T=700°C A
Adapted from

www.computherm.com

Liquid

0.6 0.8 1

B x(C) c

93

Project co-financed by the European Union within the European Social Funds



Case I: Isothermal sections in decreasing T order.
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The isopleth through A, B, :-C is a pseudo-binary system.
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The isopleth through A, B, s-C cuts the liquidus projection into two parts and
each one contains a class | four-phase equilibrium. The red point is a maximum
in the liquidus surface.
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The isopleth through A, B, s-C is not a pseudo-binary system.
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The liquidus projection contains one class | four-phase equilibrium and one class
Il four-phase equilibrium.
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Case Ill: Binaries are all eutectic systems, and there is a ternary
compound which melts congruently in the ternary field.
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Case lll: Isothermal sections in decreasing T order.
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Case lll: Isothermal sections in decreasing T order.
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The delta primary phase appears as an island in the ternary field and there are
three class | four-phase equilibria. The red points are three maximums in the

liquidus surface.
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A complex ternary system

A complex ternary system involving all three classes of four-phase
equilibrium.

Binaries contain three solid solution phases: Fcc, Bcc, and Hcp, and
three intermetallic compounds: Delta, Gamma and Epsilon.
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Isothermal sections showing the invariant reaction 1 in detail.
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Isothermal sections showing the invariant reaction 2 in detail.
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Class II: Liquid + Bcc => Gamma + Hcp
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Isothermal sections showing the invariant reaction 3 in detail.

‘3 T=498°C A
1

B | | x(C) | | C

Class I: Liquid => Gamma + Fcc + Hcp
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Isothermal sections showing the invariant reaction 4 in detail.
This reaction occurs in the solid state.
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Class lll: Gamma + Bcc + Hep => Epsilon
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There are three four-phase equilibria on the liquidus surface, two Class |
reactions and one Class Il reaction.
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Many slides were adapted from: ”“Binary Phase Diagrams and
Microstructures” and “Ternary Phase Diagrams”

www.computherm.com © CompuTherm LLC

109



Knowledge Education Development

European S M NSTITUTE OF METALLURGY European Union
Funds oM ”‘,ool ,s'““ s CR."“’D A:e‘gf"s%fuc“ European Social Fund

Ag-Au-Cu system

Au -Cu-Ag, 1 atm, 800°C Au - Cu - Ag, 1 atm, projection(Liquid)

Data from SGnobl noble metal alloy database Data from SGnobl noble metal alloy database
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