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AA PhaseDiagramdescribes the state of a materials system in
thermodynamic equilibrium as a function of temperature, pressure
and composition.

APhase Diagramare maps of the equilibrium phases associated with
various combinations of temperature, pressure, and composition.

AA PhaseDiagramis a type of chart used to show conditions at which
thermodynamically distinct phases can occur at equilibrium.
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Componentandphases

AComponents
Theelements(or compoundg whichare mixedinitially

APhases

Thephysicallyand chemicallydistinct materialregionsthat result
In otherwords

Thephase is a homogeneous part of the space and the phase is limited by a
phase boundary
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Thermodynamiequilibrium
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AConditionfor 2 phasego bein equilibrium

M2 =my°
M = my°
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Thermodynamiequilibrium
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Whatdo weneed pI |ased|agra| ndor?

Forexample

Ato understandsolidificationprocesses
AA microstructureh properties

Ato characterize&compoundsand phases
ACuZn, InSIE X

Ato understandreactions
ASolderingsurfacelayers X
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Numberof metallicphasediagrams

(assuming80metallicelementy

No. of No. of Approx No. of
components | possible investigated
systems systems
1 80 80
2 3 160 2500
3 82 160 3000
4 1 581 580 200
5 24 141 016 20
6 300 500 20C
X X X
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European Social Fund



European @M INSTITUTE OF METALLURGY European Union
Eunds ) 'M :gflg:ﬁ:ilskzgg?‘s%fmcss European Social Fund
Knowledge Education Devetopment

Wh to lookf hasedi 1

ACollection®f phasediagramg(printed):

AT.B. Massalski et al. (EBinary Alloy Phase Diagrams, 2nd Edi{®wolumes
(ASM International 1990)

AP. Villars, A. Prince, H. Okamoto (Bdandbook of Ternary Alloy Phase
Diagrams (10 Volumes) , ASM International (Materials Park, OH), 199

AASMHandbookvol. 3AlloyPhaseDiagrams ASM International 1992

ACollectionf phasediagramsonline):

ASGTE Free Binary Alloy Phase Diagfantsmanyothers)
http://www.crct.polymtl.ca/fact/documentation/



European P M INSTITUTE OF METALLURGY European Union
Eunds ) '~ ngngﬁici'ﬁﬂeg?‘s%f sssss European Social Fund
Knowledge Education Devetopment

Wh to lookf hasedi 1

AJournalon phasediagrams
A Journalof PhaseEquilibriaand Diffusion(Springer)

ACALPHAD ComputerCouplingof PhaseDiagramsand Thermochemistry
(Elseviey

ABookson phasediagrams

AB.Prede] M.Hoch M. Pook Phéise Diagrams and Heterogene&agiilibrig
Springer (2004)
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Gibbsphaserule

P+F=C+0p

P =numberof phases
C =numberof components

F =degreesof freedom(numberof variableshat canbe varied
independently (T, p, X

If the pressurds kept constant
t b CQ I / b M™

10
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| everrule

If we know T and Xthen we know.
Ahow many andwhat phasesare present
Athe compositionof eachphase
Athe amountof eachphase
F.=al@+h
F=b/@+h

260

TIC]
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AAtomicpercent +40== o_D

AMassfraction =B 0. =

AWeight(mass)ercent < 4== <_D
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Unaryphasediagramsexample H,O
225 atm e e F _ G P . 2
ab C=1,P=1
F'res[ure e F=1¢l1l+2 =2
c. C=1,P=2
0006 akm |- - - — - - - F: 1c2 +2:1
Triplept.:

.= 1a0@ J74%

Temperature ——— C — 1’ P — 3
F 2

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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AlsomorphousSystems
AEutecticSystems
AEutectoidSystems
APeritecticSystems
APeritectoidSystems
AMonotectic Systems
ASyntecticSystems
ACongruentransformations
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Isomorphousystems

Information from this diagram:

1500
1455°C
L (Liquid solution) 1398°C
1400 N\
O 1382°C
D 1300-
2
®
[ .
S
1200
-
)
|_
1100
1085°C o (Solid Solution)
1000 : : .
0 20 40 60 80 100
‘3 Cu Atomic Percent of Ni Ni

A

A
A
A

Two phases: a and L, but three phase fields:
L, L+a, a

Pure Ni melts at 1455 °C

Pure Cu melts at 1085 °C

Pure component melts at a fixed temperature,
an alloy melts in a temperature range.
Cu-80at%Ni starts to meltat 1382  °C
(solidus), and becomes complete liquid at
1398 °C (liquidus)

Liquid and solid coexist between the liquidus
and solidus temperatures

Adaptedfrom

www.computhem.com
15
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IsomorphousystemsEquilibriumsolidification

1400

1350

L
(50%Ni)

L+a

a.
(57%Ni)

a—— a(61%Ni)

(1(570/0[\“)

L(45%Ni)
)

)
s
)
5 L(41%Ni L
© LaswN) N 7 gy
g 1300+ "\ —"%— (53%Ni) ® .o,
Q - A @9
=
@
— L
1250 - '. {41°%Ni)
o.
. [~ (53%Ni)
a.
@ " {50%Ni)
1200 ; : : . :
0.2 0.3 0.4 0.5 0.6 0.7 0.8
‘3 x(Ni) Adaptedfrom

www.computhem.com y
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msolidification

1400
(50%Ni) L
- (SO%N:]
(61%Ni) 3
+a
1350 o
b L(44%N|) ' Lo a(61%Ni)
5 7S e
- — (57%Ni) .
2 L(33%Ni) ‘ ' '«g«_ a(54%Ni)
e ®
@ L(28%Ni) N Q X W (50%Ni)
1250 ™
1200

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

L
(44%Ni)

o
(57%Ni)

L
(38%Ni)

o
{54%Ni)

(50%Ni)

L
(33%Ni)

0.8

Adaptedfrom

www.computhem.com .
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Example®f isomorphousystems: Ag\u
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L
Bl = I, SR Speciatases
Data from SGnobl noble metal alloy database
' : | | FactSage L4 asl
LIQuID . |\4E¥KIFT]LH11/\ %
il A B
@) Composition
| L
FCC_A1 I I Lim a+l
i Minimum A g_ .
62 d4 og og 1 h .
Composition

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

Source ASMHandbook
18
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Speciatasesf isomorphousystems: AiNI, AuCu

1500

1300

1100

900

700

500

300

100

Ni/(Au+Ni) (mol/mol)

Au - Ni, 1 bar
Data from SGnobl noble metal alloy database
. FactSage
LIQUID
FCC_A1 | ™
¥
-
FCC_A1+FCC_A1#2
Miscibilitygap
0.2 0.4 0.6 0.8 1

1200

1000

800

6500

400

200

Au -Cu, 1 bar

Data from SGnobl noble metal alloy database

FactSage

LIQUID

FCC_A1_AuCu

Superstructures

02 04 0.6 0.8 1
Cw/(Au+Cu) (mol/mol)

19
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Eutecticsystems

o Information from this diagram:
] A Eutectic reaction occurs at 18 7°C and 76 at% Sn:
300- L t@+bh.
A Alloy (0.31 <x,<98 %) starts to melt at eutectic
ool o - J87oC 5, reaction temperature 18 7°C and becomes complete
031 076  0.98 liquid at liquidus.
* A Alloy (x ¢,<0.31 or x 5,>98 %) starts to melt at
1% o+ solidus, and becomes complete liquid at  liquidus .
A Solubility limit of Sn in a phase varies with
0 . . , , temperature , maximum solubility of Sn in a phase
Y o owem  sn is3lat%at 187 °C.
Adaptedfrom

www.computhem.com .
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Microstructureof eutecticalloy

L

i (76%8Sn) L
(76%8Sn)
o
[31%8n)
A0 (930!f3 Sa)
gr—)-\ (1]
°
=
g 200 "
a 076 0.9
£ |
o)
l—
100 -

o+

. 0 0.2 0.4 0.6 0.8 1
‘3 Pb X(Sn) Sn

L(76at%Sn) ——2 4(31at%Sn)+ H(98at%Sn)

Adaptedfrom
~ www.computhem.com

heating

21

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



European

Euro @M, NSTITUTE OF METALLURGY European Union
AND MATERIALS SCIENCE T
unas , EZE2N POLISH ACADAMY OF SCIENCES European Social Fund
Knowledge Education Development

Microstructureof solidsolutiona

Temperature[°C]

100
o+

0 0.2 04 0.6 0.8 1
‘3 Pb x(Sn) Sn

Adaptedfrom
t WND-POWR.03.02.00-00-1043/16 WWWCOmputh em.com

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

400
L
300
o =
©
S
=
et
©
—
o
Q
o
—

o+p

0.2 0.4 0.6 0.8 1
x(Sn) Sn

Adaptedirom

www.computhem.com ,
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Microstructureof
hypoeutecticalloy

L+ (s
0.76 0.98
o+f3
0.2 0.4 0.6 0.8 1
x(Sn) Sn
Adaptedfrom

www.computhem.com y

Eutectic B Precipitate P
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AgCu system

Datafrom: COST MPO6Giatabase F=CP+2
1000- °a Haue | P =const
ot s CQ cP+1
800- .Ok: L+ - o
~ eutecticisotherm 5 a’ b: C — 2’ P — 1
" o C92¢1+1=2
. c. C=2,P=2

400- ec CR2¢2+1=
e: C=2,P=3
200 . . . . F=2¢3+1=0

50 0.2 0.4 0.6 0.8 1
AG x(CU) cu

Project co-financed by the European Union within the European Social Funds
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Example®f eutecticsystems: AdI, SRZn

Ag - Bi

Data from SGTE solders database (revised 2008)

LW
PPN

INSTITUTE OF METALLURGY
AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

1200

1100

1000
300
80%(
700
600
500

400

LiQuiD

FacltSaqe

European Union
European Social Fund

300

FCC_A1 + RHOMBO_A7

1 N 1 " 1 N 1

0.1

0.2

0.3 0.4 0.5 0.6
mole Bi/(Ag+Bi)

09

Sn -2Zn
Data from SGTE solders database (revised 2008)
FactSage
1 DUD T I I T I T I T I T
900 1
J 800 4
LIQUID
1 700 e
)
—~
600 |
LIQUID + HCP_Zn
] 500 A :
400 |- 1
] BCT_A5 + HCP_Zn
300 1 1 1 1 A 1 5 1 1 1 1
1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 049 1
mole Zn/(Sn+Zn)

Project co-financed by the European Union within the European Social Funds
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Example®f eutecticsystems: Abi, BICu

Datafrom: COST 507@atabase

LIQUID

(AL)+LIQUID

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

European Union
European Social Fund

Datafrom: COST MPO6@atabase

1000

800

— 600

T[C

400+

LIQUID

Cu+LIQUID

200

BI+(CU)

0.2

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

0.4

0.6
x(CU)

0.8

Cu

27
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Example®f eutecticsystems: BCu

300
290+ LIQUID

(CU)+LIQUID
280 -

270.5°C
270-
260 -
BI+(CU)
250 . . .
A 0 0.005 0.01 0.015
BI x(CU)

0.02

1000

T[C]

European Union
European Social Fund

Datafrom: COST MPO6@atabase

800

600

400+

LIQUID

degenerate

«— eutectic

CU+LIQUID

200+

BI+(CU)

Bl

0.2

Project co-financed by the European Union within the European Social Funds
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x(CU)

0.6

0.8
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Eutectoidsystems

L+Graphite

1200+

v, Austenite

N

o

o

o
1

Fe,C, Cementite —

800

Temperature[°C]

3
Composition (wt% C)

European Union
European Social Fund

INSTITUTE OF METALLURGY
AND MATERIALS SCIENCE
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Information from this diagram:

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

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

A Carbon is an interstitial impurity in iron and
forms a solid solution with the a, phasesd

A Eutectoid reaction is a solid state reaction
with no liquid involved: gb a HRHe;C.

Adaptedfrom

www.computhem.com .
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FeFe,C systemformationof pearlite

Due to the eutectoid reactiorgT a + FgC, pearlite structure is formed.
Pearlite: alternating layers oh and FgC phases, not a single phas

1000

Austenite

grain
boundary \

ANucleating aggrain boundaries.

A Growth by diffusion of carbon to
achieve the compositions af and FgC
(with structure changes).

3]

o

o
|

Temperature[°C]

A According to lever rule, the amount - a+Fe.C
Austenite () a is much larger than that of EE, )
resulting in a much thickex lamellae.
Arowth o 0.5 1 1.5 2
direction of ‘3 Fe Composition (wt% C)
pearlite
Cementite Carbon
(FeC) diffusion Ad aptedfrom
Project WND-POWR.03.02.00-001043/16 www.computhem.com
( in Maotenals Science with English as the language of mstructior 30
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FeFg,C system
proeutectoid
mIicrostructure

1600

.—..
0 L

1400

o 7, Austenite
2
o
© 800 Q
= o
a, Ferrite”] %
600 i
Proeutectoid o
1 2 3 4 5 6
Composition (w% C)
Bubootolta: T Adaptedfrom
t WND-POWR.03.02.00-00-1043/16 WWW.CompUth em.com
f instructior 31

s in Maotenaols Science with English as the language of mstructi
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FeFe,C system,
hypereutectoid

Mmicrostructure
L
¥ Austenite
\ L
5
E
[¢4]
-
a, Ferrite”] (q?;,
600 - | (I
1 2 3 4 5 6
Composition (W% C)
Adaptedfrom
WND-POWR.03.02.00-00-1043/1 '_:‘ WWWCOmputh em.com -

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

2000

N

(&)

o

o
1

—

o

o

o
1

Y1

L+,

1186°C

0.22 0.59

Y1172

0.80

Y2

0.2 0.4 0.6 0.8 1

X(Ag)

INSTITUTE OF METALLURGY
'M AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

Information from this diagram:

A Peritectic reaction occurs at 1186

European Union
European Social Fund

O(:’

Liquid containing 80 at% Ag reacts

with g, containing 22 at% Ag:

L+.,8 &

A Alloy (22%< x,,<59%) starts to melt at

peritectic reaction temperature

1186 °C and becomes complete liquid

at liquidus.

A Alloy (X,,<22% or X,,>59%) starts to

melt at solidus, and becomes

complete liquid at liquidus.

Adaptedfrom
www.computhem.com
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Microstructurein a
peritecticsystem,
0.22 < x(Ag) < 0.59

emperatu re&’C]

Adaptedfrom

www.computhem.com Y
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Microstructurein a
peritecticsystem,
X(Ag) = 0.59

2000

1186°C 0.80

Adaptedfrom
www.computhem.com

Precipitate 7,
i 35
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Microstructurein a
peritecticsystem,
0.59 < x(Ag) < 0.80

2000

1186°C 0.80

Ag

Adaptedfrom
www.computhem.com

.
N e 36
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BENI systemdgnotherexamplé

Datafrom: COST 53database
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1500

1250 ] LIQUID

10005 FCC+LIQUID
Q. 7504
= 645.9°C

/ BINI+LIQUID
500 464.8°C FCC
/464.8"0 BINI
250 BI3NI
O T T T T
H 0 0.2 0.4 0.6 0.8 1
BI x(NI)

Proj

NI

European Union
European Social Fund

Information from this diagram:

A

A

Two peritectic reactions and eutectic
reaction

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

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

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

Incongruent melting of phases Bi3Ni
and BIiNi .

37
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Peritectoidsystems

1090 Information from this diagram:
Liquid A Peritectoid reaction is a solid
800 . .
_ > state reaction without any
O L
T o0 liquid involved.
2 “ | A Peritectoid reaction occurs at
e (00
“é 400- - 358°C and 18.6 - 24.8 at% Al:
2 a b m
200+
9
0 T T T T
0 0.2 0.4 0.6 0.8 1
‘3 Ag Atomic Fraction of Al Al

Adaptedfrom

www.computhem.com .
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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

Pro
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Information from this diagram:

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

A Alloys of all compositions start to melt at
eutectic temperature 156 °C:.Lb a + Db

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

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

Adaptedfrom

www.computhem.com .
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Example®f monotecticsystems: GiPb, AgNi

M INSTITUTE OF METALLURGY
Y “ AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

European Union
European Social Fund
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Cu-Pb Ag - Ni
Data from SGTE solders database (revised 2008) Data from SGTE solders database (revised 2008)
T T T T 1 T 1 T Facltlsaqe 2000 FaCtsaqe
LiouiD LIQUID + LIQUID#2
\ - 1800 F |
| FCC
- 1600 H
LIQUID + FCC_A1
L I )
LIQUID + FCC_A1 = 1400
o 1200 F i
B - 1000 + FCC_A1 + FCC_A1#2 -
FCC_A1 + FCC_A1#2 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)
e 40
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Datafrom: COST MPO6@atabase
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Information from this diagram:

A Monotectoid reaction occurs at 277.2 °C and
59 at% Zn: FCC #2 b FCC_#1 + HCP

A Solubility limit of Zn in FCC phase varies

oo~ 7  With temperature , solubility ofZn in FCC

/X phase is 14 at% at 277.2 °C.
HCP

A Eutectic reaction occurs at 380.9 °C and 88

at% Zn: L H®CC+HCP.

600 LIQUID
400 FCC
FCC_#1+FCC_#2 /277_20(:
200+
0 T T T T
a 0 0.2 04 0.6 0.8 1
AL X(ZN)

ZN
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Syntheticsystems

1000 Information from this diagram:
Liquid 61500 A Syntectic reaction occurs at 557 °C: L,+L,b Na Zgn
800- A Alloys ( x,,<92.3at%) start to melt at eutectic
3 L+L, temperature 98 °C: La MaZn, g
D s00 L \" | A Alloys (x,,>92.3at%) start to melt at eutectic
§ s e ooas [ temperature 419 °C: Lb #aZn,
:—'E’l 7 ooC m” A Alloy (x,,<9.4at% or x,,>94.4at%) becomes complete
< liquid at liquidus.
> z A Alloy (9.4at%< x,,<94.4at%) becomes complete
N | | 98°C | | 8 liquid mixture (two liquids with different
a l\;)a - Atom(;.clz1 Fractio:fof Zn " Z1n compositions) at 557 °C.

Adaptedfrom

www.computhem.com ,
4 4
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Summanyof invariantreactionsin binarysystems

Reaction Symbolic Schematic Example
equation presentation
Eutectic [ Th b | g L b CuAg,Pb-Sn AlSi
Eutectoid h 11 b ! AT ; FeC
Peritectic L+h T \ \L CuFe,Pbin
Peritectoid " b 1 1! 2 ) \JQ Al-Cu
g

Monotectic LT [ ,+" \L17/\L; CuPh AHn

a
Monotectoid h,7 h b | b %Qg Al-Zn
Syntectic L+ LT b / \ NaZn

by 5 L Adaptedfrom

Project WND-POWR.03.02.00-00-1043/16 WWW CO m p Uth em - CO m
International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction 43
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Congruentransformationsexample Mg-Si

14007 Congruentransformation- when one phase
Hauid changedirectlyinto anotherwithout change
12004 in composition
1087.2°C | P
5 10004 949.2°C a= (Mg)
= 0.541 b — MQS'
800 L+P g=Si
coo 72 AL - Systermcanbe dividedinto two independent
eutecticsystems.
o+
g) 0 01 02 03 04 05 06 07 08 09 1
Mg x(Si) Si

Datafrom: COST 507d&atabase
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Congruentlransformationsexamplesin-Sb, CtMdg

1000

900

800

700

600

500

400

300

Data from SGTE solders database (revised 2008)

In-Sb

Datafrom: Lianget al. CALPHA(Q998)

FacltSaqe

LiQuiD

1000
LIQUID

800

(CU)

600

T[C]

InSh(s)
400

InSb(s) + RHOMBO_A7 2004 — CU,MG

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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IntermetalliccompoundgPhasel- nomenclature

Frequentlydesignatedby Greeletters:. a, b, g d> X
ASometimesA b for bccphases

A gfor compoundswith g-brassstructure (CuZn,)

A s for compoundswith acertaintetragonalstructure

(asin FeCr system)

ASometimesiesignatedascompound like:

A Mg,SI, CeSn, CiZng2 X
ASometimesion-stoichiometryisindicated for example

A Fe,S,Nji,{ 62 X
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Congruenflransformationsexample Fe-Cr

2000
1800 LIQUID /
1600
1400 a
1200 a : : ..
_ a: melting point minimum
g. 1000 -+ v ) o
400 C b: congruenttransformationgT a at minimum
1 b
600 c:congruenttransformationa 7 s at maximum
400+
al+all
200+

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

Datafrom: Lee,CALPHA[L993
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A caseof AgPt system

. . Ag - Pt
Atomic Percent Plalinum Weight Percent Plat Data from SGTE 2014 alloy database, 1 bar
10 20 30 40 50 €0 70 B0 90 100 4 W 20 30 40 0 &0 m &0 90 ] v F tS
\860 s ki e e 0 iA AT 1600 N . \ ) 7 ) A A actoage
i - . . r T . : , : 176805 T
2100
e
1 a Loun —
1600 1508 1600 "
L
. 1700
14004 FOC_AY
o 1500 | S
R 3 110 40.0 8.0 E P
g1 L3 ®y PR [ ="y
1200 g 1ok
-
g 3 y1po | FECM
1000 4 L
o \
530 803°C ZUAN / FCC_A1 + FCC_A162 \
0c X
il i |
600 & . /
] 500
S < /
600 v T T y T y T 7 ;’ T 300
10 20 30 40 50 60 70 g0 1 %0 100 400 . . . S . - — , L o 02 0.4 08 08 y
Ag Weight Percent Platinum Pt 10 » 0 “ 50 o0 o = %0 100
Ag Atomic Percent Platinum Pt PUEAg Y (molimol)

Karakaya Thomson, Durussel& Feschotte (availablein commercialdatabase

BuII.AIonPhaseDiagr 1987 J.AlloyCompd 1996
(reproducedin ASMHandbook}

WND-FL 3.0¢ L 10
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A caseof AgPt 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.AlloyCompd 1996 Hart et al., ActaMater. 2017

Project WND-POWR.03.02.00-00-1043/16
International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction 49
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Alsothermaltechniques
AMetallography
AXrays
A Quantitativedeterminationof phasecompositionsn multi-phasefields
A Diffusioncouples

ANon-isothermaltechniques
AThermalanalysigechniquesTA, DTA, DSC)
A Chemicapotential techniques
AMagneticsusceptibilitytechniques
AResistivitydilatometricmethods



;. o B cuspeanvrir |
Main phasediagram software andatabasesellers

{actsye

Thermo-Calc
Software

‘3 CompuTherm

FOR MATERIALS DESIGN
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Commerciatlatabaseexample PanMo

Table 1.3: Modeling status for all the constituent binary systems

European Union
European Social Fund

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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Ownd

H

600
Liquid

400+

TIC]

200

0
‘3 0 0.2
Li

Saundersl /-

atabaseexample LEIMg-Sc system

Bee %
+Liquid
Hcp+Liquid
B{bcc)+*MgSc
Hcp+Liquid
x
a(hcp)+p(becy+MgSc 3cc+Hep
06 08 1
(Sc) Sc
a(hcp) a(hcp)+MgSc
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
wt.%(Sc)
Wo 5dzi 1 A So A Ol P FimayAllogCdindd 284 B2@19) 686061 (i | =
p D-POWR 00-00-1043
ary PhD Studies in Moterials Science with English as the language of instructior 53
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A Isothermal Section

sopleth

A
A LiquidusProjection
A

_ever Rule in Ternary Field
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Readingcompositionin a ternaryphasediagram

A
A

Isothermal Section:

Fixed Temperature
Composition represented on
equilateral Triangle

For low concentration of one
component, use a rigkéingled
triang(I:e (e.g. FE€FC)

A

A \ Y ) Y B
Adaptedfrom
Project WND-POWR.03.02.00-00-1043/16 WWW.COMm p uth em.com
International interdisciplinary PhD Studies in Moterials Science with English as the language of instruction 55
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Reading a ternamyhasediagram

A Isothermal Section; & ™
A Phase boundary (Blue)
A Tieline (Green)
A Tietriangle (Red)

X

° 0 0.2 0.4 0.6 0.8 1
A x(B) B Adaptedfrom
{WND-POWR.03.0200.001043/16 www.computhem.co m
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Reading a ternamyhasediagram

1000

A Isopleth:

A Y-axis: temperature
A X-axis: composition

800+

A Tieline may not lie on the £
section .

Adaptedfrom
{WND-POWR.03.0200.001043/16 www.computhem.co m
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Reading a ternamyhasediagram

A Liquidus Projection; & tess 1
A Univariant line (Blue)
A Isothermal line (Green)
A Primary phase region

0 0.2 0.4 0.6 0.8

1
A X(B) B Adaptedfrom
{WND-POWR.03.0200.001043/16 www.computhem.co m
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A 1sothermal Section: phasediagram

A Lever rule on tidine

N ; & T=200°C 1C

Pd Alloy

M

a

X

In Alloy P, two phases are in equilibrium: oy - - - - ;
Fraction ofa = Length(PN) / Length(MN) 4 | @) | B
Fraction of = Length(MP) / Length(MN)

Adaptedfrom
www.computhem.cor?9
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A 1sothermal Section: phasediagram

A Lever rule on tidriangle

a T=200°C C
1

O

In Alloy P, three phases are in equilibrium:
Fraction ofa = Area(PON) / Area(MNO) ,/ «
Fractonof I ! NBlF6tabuo K ! NBI 6°Aabh¥ o8 1

Fraction oft = Area(POM) / Area(MNO) A X®) wwacomA?J?r?é?:]jf{;%Tn
oct WND.POWR.02.02.00.000 comp com

o+p
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Typesof TernaryPhaseDiagrams

A IsomorphousSystem
A Ternary Threghase Equilibrium

A Ternary Fouphase Equilibrium
A Class | Reaction
A Class Il Reaction
A Class lll Reaction

A Congruent Transformation
A A Complex System
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Isomorphousystem

Case: Three binaries are all isomorphous witdgarshape
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

Adaptedfrom

www.computhem.com .
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Case: Isothermal sections in decreasing T order.

O oo © & oo ° Adaptedfrom
www.computhem.com

Liquid

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
A x(B) B A x(B) B

Liquid

x(B) ' B A ' x(B) ' B A ' x(B) ' B

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

LW
PPN

Isopleths parallel to the@binary

INSTITUTE OF METALLURGY
AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

0
x(A)=0.8 x(A)=0.6
850 850 o
Liquid Liquid

800 800
O, 750 O, 7504
(= (=

700 700

Fcc
Fcc
650 650
600 T T T 600 T T T
0 0.05 0.1 0.15 0.2 0 0.1 0.2 0.3 0.4
o " o *
900 900
x(A)=0.4 x(A)=0.2
850 850
Liquid
q Liquid

800 800
O, 750 O, 750
= =

700 700

Fcc Fcc
650 650
600 T T 600 T T
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
x(C) o v x(C)

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

www.computhem.com
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g e 0N R, cocpemn ey [
Case: Liquidus projection has no univariant line.

Adaptedfrom
£ e C www.computhem.com
iquidus

1
——Isothermal lines on Liquidus surface 900

Isothermal lines on Solidus surface

800

T[C]

700

=
=
6004+——_ ‘ 4" 08 1

——

| -— — _+-,,A.—"‘- 06
0 0204 06 98 40204

; i o 56 7o ; & x(B) )QQC\

A x(B) B

Liquidus Projection in-B view Liquidus Projection in-B view

65
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Ternary Thred’haseEquilibrium

Casel: Two eutectic binary systemsand one isomorphouswith
Cigarshapephaseboundary

1000 1000 1000

Liquid

800+ 800
Liquid
600 600+
&) &) &)
[ (= [
400 400 Fcc
B Fcc

200 200+ 200

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

Adaptedfrom

www.computhem.com N,
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Case |: Isothermal sections in decreasing T order.

A A A
& T=700°C & T=600°C & T=500°C
1

Adaptedfrom
www.computhem.com

Liquid

Liquid

Liquid

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 Bcc 0 0.2 0.4 0.6 0.8 1

» T=350°C

Liquid

1 0 0.2 Jlo4 0.6 0.8 1
B x(C) C B Liquid - x(C) C
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Liquidushas one univariant line starting from A-B binary and
endingat B-Cbinary,which separate<2 primary phasefields, Fcc
andBcc

&) Liouidus 1A Isopleth through BA; -G, =

800

600-| Liquid

Fcc

200+

0 01 02 03 0.4 05

& B X(C) AosCos

0 0.2 /0.4 0.6 0.8 1
350°C

5 X(C) C Adaptedfrom
| www.computhem.com

68

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



European
Funds

Knowledge Education Development

INSTITUTE OF METALLURGY
'M AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

Liquidudookssimilarfor:

Case Il: Twperitecticbinary systems and on Case lll: Onperitecticbinary, one eutectic
a Liquidus

European Union

Isomorphouswith cigarshape phase boundai binary and oneasomorphouswith cigarshape
A

1

phase boundarv.
‘3 Liquidus

Adaptedfrom

www.computhem.com

(O]
O
g 2 3
0 =4 ) )
0 0.2 0.4 0.6 0.8
B x(C)

0.2
B

soterials
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Case IV: One eutectic binary and Two isomorphous with Cigar

shape phase boundary.

1400

1200

1000

TIC]

Fcc
600

400

200+

Liquid

Fcc

02

04
x(B)

06

08

1400

12004

1000+

800

TIC]

600

400

200

Fcc

Liquid

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

02

08

C

1400
1200
Liquid

1000

800+
)
'_

600

400

Fcc
200+
o e = R ——
0 0.2 0.4 0.6 0.8
O c XA A

Adaptedfrom

www.computhem.com
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Case |V: Isothermal sections in decreasing T order.

& T=900°C

*64}

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)

n Moterials Science with Enalish as the lanauaae of instructic

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

6 T=650°C A
)

Adaptedfrom
www.computhem.com

Liquid

x(C) c
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Liquidushas one univariant line starting from A-B binary and
endingat a minimum n the ternary field, and only one primary

phasefield, Fcc

B | Cx©C) | ¢ Adaptedfrom

www.computhem.com :
ti 7
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Liquidushasone univariantline starting from a maximumin the
ternary field and ending at A-C binary, and only one primary
phasefield, Fcc

o A
a Liquidus
1

0 0.2 0.4 0.6 0.8 1 AdaptedfrOm

B X(C) ¢ www.computhem.com
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CaseVI. Twoeutecticbinarysystemsand one isomorphouswith
Cigarshapephaseboundary

1000

1000 1000
Liquid

800 //
600

o o o

= = =

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

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

Adaptedfrom

www.computhem.com
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Case VI: Isothermal sections in decreasing T order.

6 T=700°C A 6 T=550°C A a T=471°C A
,

Adaptedfrom
www.computhem.com

Liquid

0.2 0.4 0.6 0.8

o

0 0.2 0.4 0.6 0.8

6 T=470°C A & T=450°C A
1

0 LY
0 0.2 0.4 0.6 0.8 1
B x(C) Liquid c B x(C) c
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Liquiduslinesstart from a maximumin the ternaryfield, go separately
In opposite directions and end at the two eutectic reactionsin the
binaries Twoprimaryphasefields,FccandBcc

o A
a LIC]UIdUS e Maximum
1

Adaptedfrom

www.computhem.com i
ti 7
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Ternaryfour-phaseequilibriag clasd

Clasd: Threeeutecticbinarysystems

1200 1200 1200
1000 1000 1000
Liquid
o Liquid
800-] 800-] Liquid 800-|
O, 600 O, 600 O, 600
= = =
400 400 400
Fce Bee Bee Fecc
Hep Hep

200 200 200

0 T T T T 0 T T T T 0 T T T T

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

& A x(B) B & B x(C) C & c x(A) A

Adaptedfrom

www.computhem.com
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Clasd: Isothermalsectionsin decreasingr order.
& T=700°C 1A & T=500°C A & T=420°C A

Adaptedfrom
www.computhem.com

Liquid
Liquid

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8
x(C) c B x(C) c B x(C) c

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

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



Funds
Knowledge Education Development

European @M, NSTITUTE OF METALLURGY European Union
AND MATERIALS SCIENCE :
@M £oLisH ACADAMY OF SCIENCES European Social Fund

Liquiduslines start from the three eutecticreactionsin the binaries,join
togetherat one point in the ternaryfield. Threeprimary phasefields, Fcc,

BccandHcp

Adaptedfrom
~ www.computhem.com
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Characteristics to determine whether it is a Class |-finase
equilibrium:

Before Reaction: 3 threphase triangles
After Reaction: 1 thre@hase triangle

it U

a+H +

J J

Before Reaction After Reaction

Class | reactions =>a +J +! Adaptedfrom
o ST - _yWWW.computhem.com .

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



Knowledge Education Development

Ternary FouPhase EquilibriumClass Il
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Clasdl: Isothermalsectionsin decreasingl order.
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Liquiduslines start from the peritectic reaction in A-B binary and the eutectic
reactionin A-Cbinary,join together at one point in the ternaryfield andthen go
to the eutecticreactionin B-C binary. Threeprimary phasefields, Fcc,Bccand

Hcp
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Characteristics to determine whether it is a Class |I-finase
equilibrium:

Before Reaction: 2 threphase triangles

After Reaction: 2 thre@hase triangles
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Before Reaction After Reaction
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Class Il reactions +a => +4  Adaptedirom

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



European
Funds
Knowledge Education Development

Ternary FouPhase EquilibriumClass Il

LN
' laa

INSTITUTE OF METALLURGY
AND MATERIALS SCIENCE
POLISH ACADAMY OF SCIENCES

European Union
European Social Fund
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Clasdll: Isothermalsectionsin decreasingr order.
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