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Literature
=
Lecture slides are based mainly on the following o D

textbooks and databases. Slides are your personal
copies and it is not allowed to distribute them further.

Phase diagrams - |

* F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
(ISBN: 1615039864)

e J.-C.Zhao, Methods for Phase Diagram Determination, Elsevier 2011
(ISBN: 0080549969)

 D.R.F West and N. Saunders, Ternary Phase Diagrams in Materials Science, Maney
Publishing 2002 (ISBN:1902653521)

Combinatorial materials science

e X.-D. Xiang and I. Takeuchi, Combinatorial Materials Synthesis, Marcel Dekker Inc 2003
(ISBN: 0824741196)

Intermetallic compounds
* R. Ferro and A. Saccone, Intermetallic Chemistry, Pergamon 2008 (ISBN: 0080440991)
 G. Sauthoff, Intermetallics, Wiley-VCH 1995 (ISBN: 3527293205) Intermetallics

Chapters in many textbooks: Haasen, Gottstein, Eggeler, ...
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Literature
Examples of scientific journals

Phase diagrams

* Journal of Phase Equilibria and Diffusion, ASM International (ISSN: 1863-7345)
Combinatorial materials science

e ACS Combinatorial Science, American Chemical Society (ISSN: 2156-8952)
Intermetallic compounds

* Intermetallics, Elsevier (ISSN: 0966-9795)

ACS, e Intermetallics
ml@l natorla I imeluding complex structural and lenctional alloys
Science 4

h Greor iyt eons L P S ——

Open access article on phase diagrams:
http://link.springer.com/article/10.1007/s11669-
014-0343-5/fulltext.html
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Introduction

MatNavi: http://mits.nims.go.jp/index en.html

Pearson’s Crystal Database: http://www.crystalimpact.com/pcd/

Alloy Phase Diagram Database:
http://wwwl.asminternational.org/asmenterprise/APD/default.aspx

Computational Materials Repository: https://cmr.fysik.dtu.dk/

The Materials Project: https://materialsproject.org/

The Pauling file https://paulingfile.com/

MatNavi is one of the world's largest materials databases of polymer, ceramic, alloy, superconducting materisl, composite and diffusion.

MatNavi

NIMS Materials Database

»Japanese | | ForNew User |  National Institute for Materials Science, Materials Information Station

‘Home ‘ Aboutus ‘ MITS Symposium ‘ Llnk‘ Contactus ‘ NIMS ‘

“MatNavi” is one of the world's largest
materials databases provided by NIMS

atabase

» Basic Properties

(CPDDB!

> NIMS Structural Materials Data Sheet
Online

» Creep Data Sheet (CDS'
» Fatigue Data Sheet (FDS
n Data S (CoDS

Users

™

B New Users:

The use of "MatNavi” is free. (Free of charge)
All you needto do is register.

Register  [For New User]

B Registered Users:

Please select a database and login from the
“Enter” on each page. E-mail address and
password are necessary

Forgot your Password ?

Update registration

Close your account

» Computational Electronic Structure Database > Space Use Materials Strength Data Sheet (SDS
(CompES » Metallic Material Microstructure Database (Kinso!
» Database of Promising Adsorbents for
Decontamination of Radioactive [Printed copyl

» Neutron Transmutation Database (NeuTran

» Interfacial Thermal Conductance Database (ITC'

» Diffu: Dat:

n

*» Superconducting Material Database (SuperCon

» Engineering

» Applications

n & Property Prediction System
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MatNavi Search

Keyword Search

@ AND © OR [ Contain

Tree Search
E-W) Material
-8 Element

About Pearson's CD

Data Information...
Software F

About us Endeavour Match

@"_

Pearson's

Pearson's Crystal Data
Crystal Structure Database for Inorganic

Features...
Brochure (PDF)...
References...

Get Pearson's CD

Order Now

Demo Version

A free-of-charge demo
version with a few
thousand datasets can be
downloaded. More...

Quickstart

A quickstart manual is
also available in Spanish.
More...

Support

Updates.

Known Bugs...
HowTo...
Frequently Asked
Questions...
User Group...

Com

P

Pearson's Crystal Data is a crystallographic database published by ASM
International (Materials Park, Ohio, USA), edited by Pierre Villars and Karin
Cenzual. It has its roots in the well-known PAULING FILE project and contains
crystal structures of a large variety of inorganic materials and compounds. The
"PCD" (as it is typically abbreviated) is a collaboration between ASM
International and Material Phases Data System, Vitznau, Switzerland (MPDS),
aiming to create and maintain the world's largest critically evaluated
"Non-organic database".

1

diesem Laufy

Pearson” News

September 14, 2015
Release 2015/16 of
Pearson's Crystal Data
has become available
with a total entry count of
about 274,000. More...

Aug 25, 2014

The new release
2014/15 of Pearson's
Crystal Data contains
nearly 258,500 entries.
More...

Aug 27, 2013

A new release 2013/14
of Pearson's Crystal
Data has just become
available, with a total
entry count of more than
242,600. More...

Aug 6, 2012

Release 2012/13 of
Pearson's Crystal Data
has just become
available with a total
entry count of more than
227,000. More...

Jun 11, 20
Acsgftware update is
2vailable for release
2011/12 of Pearson's
Crystal Data fixing
Lome Biids. More
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Phase diagrams, intermetallic phases and
combinatorial materials research

Alloy Phase Diagram Database ™

Home Explore Search Tools Help

Welcome to Alloy Phase Diagram Database™

The ASM Alloy Phase Diagram Database allows subscribers to explore, search and
view more than 36,500 binary and ternary phase diagrams and associated phase data for
more than 6200 systems from their Web browsers.

nF| Dw HOME | CONSORTIUM | PUBLICATIONS | SEARCH

Automatic - FLOW for Materials Discovery

APD Login

o [ ]
passwors:[ ]

To get started, enter one or more elements in the boxes at the top of the screen and Welcome to the AFLOW distributed materials property repository:

click Go, or select Explore to browse by elements and systems, or select Search to build share with us your passion for innovation and technology. DISCOVER OUR STORY
Recently viewed targeted queries. Interview
This will show the last 5 Aflow is a globally available database of 706.808 material compounds
diagrams you have viewed. _ >
- with over 63.612.720 calculated properties (and growing).
_— o s - The crosshalr tool helps users determine
About this resource ’S'tlo_'lj Try our Materials Database Search, use our online apps, consult our
ms. To use
Conventions Used Please read there display of a wiki and publications.
How To Cite b, R I t t . Next, click
Other Resources esources, Intro to Ny . Enter a Compound Name, ICSD Number, Aflowlib Unigue IDentifier or
e —| - Jed image o
Phase Dlagrams, e advanced search string (ie. Mg & Sn & Cu)
GI heckbox to
Ossa S r tool. When
ry’ and the

center point will follow your mouse. To place
the crosshairs at a specific point, move the
center point to the desired location and click.
Click anvwhere on the diaaram to enable

https://www.asminternational.org/ http://aflowlib.org/

COMPUTATIONAL MATERIALS REPOSITORY

Organometal Hatide Perovikites »
Projects

£l Halide Porovskit
R Harnessing the power of supercomputing and state of the art electronic

I structure methods, the Materials Project provides open web-based access to

computed information on known and predicted matenals as well as powerful

M ateria Is analysis tools to inspire and design novel matenials.
Project ‘

https://cmr.fysik.dtu.dk/ SMENARY =

https://materialsproject.org/
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Introduction
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Introduction

hard magnets

© re superalloys v - A1 (fec)
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Fig. 1. Electron micrographs of Co-9AL-7.5W \,»(M)—['.‘.}ﬂ
alloy annealed at 1173 K for 72 hours. (A) Dark- % at
field image. (B) Selected area diffraction pat- La L e 2 40
tern. (C and D) Field emission scanning electron axw
micrographs of Co-8.8A1-9.8W-2Ta (O and Co- Fig. 2. Ismher!"a\. se(tiur!diagrar:nsullhe[u-m-w
Fundamental Aspects Of Materials science and Engineering 8.8A1-9.8W-2Mo (D) annealed at 1273 K for 1 temary systemin the Co-rich portion at (A) 1173 K

week. and (B) 1273 K. 8
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
2006 VOL 312 SCIENCE www.sciencemag.org



RUHR-UNIVERSITAT BOCHUM

Introduction

Visualizations of existence ranges of phases:

- phase diagrams: thermodynamic stable phases

- existence diagrams: metastable phases

A binary system A-B

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

1: binary phase with solubility of
3" component

2: ,real” ternary phase

composition-processing-structure-
maps
Processing: temperature, pressure

Structure:

crystallographic structure (phase)
and phase constitution
(single or multiple phases)
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Introduction

Ni 600°C (s73K)

‘ & Cer»TiNiz:i/ /
/.7', ~

70

90 /
§ Cu,Tis

4 J/A S /
N N N b A TAS N N N N

10 20 30 40 50 60 70 80 90
Cu Cu,Ti CusTirt at.% Ti CuTi  CuTi, Ti
© ASM International 2007 Diagram No. 200884
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binary phase with solubility of 37 phase

,real” ternary phase

composition-processing-structure-
maps

Processing: temperature, pressure
Structure:

crystallographic structure (phase)
and phase constitution

(single or multiple phases)

https://matdata.asminternational.org/apd/index.aspxb
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Introduction

Assessment of phase diagrams by combinatorial materials
science

9

500 °C —
0°C
0
Al (at%)
Fundamental Aspects of Materials Science and Engineering D. Naujoks, J. Richert, P. Decker, M. Weiser, S. Virtanen, A. Ludwig (2016): Phase Formation and Oxidation 11

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces Behavior at 500°C in a Ni-Co-Al Thin film Materials Library, ACS combinatorial science 18 (2016) 575-582.
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Introduction
Assessment of phase diagrams by combinatorial materials
science &
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Fundamental Aspects of Materials Science and Engineering P.J.S. Buenconsejo, A. Ludwig (2014) Composition-Structure-Function diagrams of Ti-Ni-Au thin film
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces shape memory alloys, ACS Comb. Sci. 16, 678—685
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Introduction

Number of combinations of
n=50 elements

(n/k) = n!/(k!(n-k)!)
Binaries: 1225

Ternaries:
19600

(information on 7380 systems)

Quaternaries: 230000

Check databases for
existing materials

+ compositional and structural diversity

(processing)

Fundamental Aspects of Materials Science and Engineering
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Introduction
Combinatorial materials science

Thin film deposition

Cryo pump

Moveable cathode
carrier arm

Line array of six
sputtering cathodes

Active
sputter cathode

________________

e

~.
~
~-
e

Substrate
holder

Combinatorial
materials libraries

Data visualization
& analysis
0

4 inch substrate

Iza Combinatorial
= Material Research

120° rotation

XRD

2 . High-throughput
Al (at.%) characterization

|
=} ©
73mm

> mw

Intensity (a.u.)

30 35 40 45 50 55 60 65 70
20(°)

s Nanoindentation

0 20 40 60 80 100
Displacement (nm)
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Introduction

Combinatorial materials science:

Synthesis of complete binary and ternary
thin film materials libraries by magnetron sputtering

120 °

rotation
binary C - B

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

120:°
rotation

15
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Introduction

UM

Combinatorial materials science

Establish

Trendlines:
Hits:

Composition-Structure-Property Correlation Maps

Property = f(composition)
compositions with unique properties

Composition: automated Energy Dispersive X-ray analysis (EDX)
- over-night measurements (90-120 s/point — # of points 301)

- spacing in x-, y- direction 4.5 mm
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Fabricate
materials library
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High-throughput
characterization
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S. Thienhaus, S. Hamann, A. Ludwig (2011), Modular high-throughput test-stand for versatile screening
of thin-film materials libraries, Sci. Technol. Adv. Mater. 12 054206
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Introduction
Combinatorial materials science

Type of Wafer Screening results / Visualization
materials appearance Composition (EDX) Crystallinity (XRD)
library Functional Properties
Blnary 183 botomtotop FesPdy
. S
composition of el T
= 50 ./_>(-\- - ::
° gg /./'/./ \'\.\_\.
spread i .
00 4 8 12 16
Position Y FegePdis 5o
Ternary x00
o, e 30
composition &
= 60, &
spread
Ti (at.%)
Quaternary
composition
spread
A-content: 47— 64 at.%, 260 =43.35*
0.05, color-code: intensity
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Introduction

Questions and tasks (examples):

What are phases and phase diagrams?

Define solid solutions, alloys and compounds.
What are phase transformations?

What are polymorphism and allotropy?

How are phase diagrams determined / assessed?

How can | calculate the fractions and compositions of phases in multi-phase
regions?

Apply the phase rule in a ternary system for different equilibria.

Deduce isothermal and vertical sections from ternary phase diagrams.
Know rules for formation of different classes of intermediate phases.
Understand crystal structure and properties of important intermetallics.
Why are many intermetallics brittle?

Explain an example of the fabrication of a materials library.

How is compositional and structural data acquired on materials libraries?

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Phase diagrams

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Phase diagrams

A phase is:

« ahomogeneous part of a system,

consisting of components

* a physically homogenous state of matter
with a given chemical composition and

structure

« different phases have different

arrangement of atoms

e phases have phase boundaries

Examples of solid phases:
» solid solution

* line compound

* intermetallic phase

« alloy

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

States of matter:
solid, liquid, gaseous

State variables:

composition, temperature, pressure, ...

. Iron atom

«— Phase

«+— B phase

r e A B 0..
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Source: Campbell
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Phase diagrams

* important and useful as ,tools” in materials science, physical chemistry,
geosciences, ...

e graphical representations of possible phases and phase changes

 showing information on existing phases and their existence ranges

e visualizing material behavior and phase constitution,
often: during heating/cooling, under equilibriunm conditions

* showing occuring material reactions

e displaying thermodynamic data

e give guidance on microstructures forming at different conditions
(e.g. on cooling from melt, during heat treatment)

* shows constitution information: type of phases, composition of phases,
fraction of phases

* roadmaps to understand conditions for phase formation or transformation
caused by a change of state variables

e starting points for materials design and process optimization

also called: constitutional diagram, equilibrium diagram,
in case of non-equilibrium conditions also: existence diagram

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Phase equilibrium

mechanical interpretation

energy ,landscape”

 stable -_

e metastable

e unstable

Although true stable equilibrium conditions seldom exist, the study of equilibrium systems is

exists when an object is in its
lowest energy condition

exists when additional energy
must be introduced before the
object can reach true stability

unstable equilibrium exists
when no additional energy is
needed before reaching
metastability or stability

valuable, because it constitutes a limiting condition from which actual conditions can be

estimated. Phase diagrams can help elucidating the path from metastable states to stable states.

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

Source: Alloy Phase Diagram Database, ASM International
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Phase equilibrium

F+P=C+2

For p=const.: F+P=C+1

F: degrees of freedom (e.g. temperature T, composition c, pressure p)
C: number of components (unary = 1, binary = 2, ternary = 3, ...)
P: number of phases

Invariant equilibrium: 0 degrees of freedom
Univariant equilibrium: 1 degrees of freedom
Bivariant equilibrium: 2 degrees of freedom

Example of binary ™ “ F+P=3
?gt:ezc’;t'c system ! f Single phase field: F=2
L . Two-phase field: F=1

at constant

pressure -l - Three phases in equilibirum: F=0
' Gibbs phase rule can be used to analyze
nonequilibrium conditions. E.g., a microstructure
for a binary alloy that developed over a range of
. temperatures and consists of three phases is a
« nonequilibrium one; under these circumstances,
PAULING FILE, Binaries Edition, ASM International, 2002 three phases eXiSt Only ata Single temperature'

: ; : : W. D. Callister, D. G Rethwisch: Materials Science and Engineering An Introduction, 8th edition, 2009
Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM Internatglonal, 2012 23
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Temperature, °C
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Alloy Phase Diagram Database, ASM International
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Phase equilibrium

Binary phase diagram:
[lustration of the effect of cooling rate on an alloy lying outside the equilibrium eutectic-transformation line.

Rapid solidification into a terminal phase field can result in some eutectic structure being formed;
homogenization at temperatures in the single-phase field will eliminate the eutectic structure;
B phase will precipitate out of solution upon slow cooling into the a + B field.

TOMPAIAIG e

Composition ——p

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces Alloy Phase Diagram Database, ASM International
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Phase equilibrium

Equilibrium solidification Non-equilibrium solidification

] T I | I [ [

L (35 Ni)
« (46 Ni)

1300 |— 1300 —  a(46 Ni)

a (46 Ni)

Temperature (°C)

|
| -~
. | (43 Ni) a (43 Ni) e
L (24 Ni) } o L (24 Ni)
: g « (46 Ni)
é a (40 Ni)
@
1200 1200 =
L (24 Ni)
a (46 Ni)
a (40 Ni)
(35 Ni)
110020 = 1100 | | I I

20 30 40 50 60

Composition (wt% Ni) Composition (wt% Ni)

Fundamental Aspects of Materials Science and Engineering
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Unary phase diagrams (schematic)
Which phases and phase transitions can occur in a unary system?

Phase transitions:

Liquid

Solid

Path Il — no transition occurs

Pressurg —p

|
£-q->-~-0PLB
’

Vapor

Temperature ——p

| melting—solidification
' evaporation - condensation
i sublimation — desublimation (deposition)

Path | — transition occurs when
the solid line is crossed

Druck
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invariant point (F=0): triple point

On phase boundaries (in the phase diagram), phases coexist
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Unary phase diagrams
Phase diagram of molecules (H,0)

* The decrease of Ty, with increasing pressure is special for water
Temperature
OK 50K 100K 150K 200K 250K 300K 350K 400K 450K 500K 550K 600K 650K
1TPa i i i i 10Mbar
B K -X|(hexégonal)— Smmsssstoon i
22,1MPa 100GPa 100 K, 62 GPa ' X ' e e Rl
Vil \ VI
10GPa ¥ i ¥ i ¥ ~ | 100kbar
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1aPal XV — || 218k 620 MPa | Vil 55’°°;Kf -cldadd 10kbar
. : —#7572.99K, 632.4 MPa
Y ————4E.85K, 3443 MPa0p 56 164 K, 350, MPa L :
338 5K 212.0 MPa | \291.165 K, 209.9 MAa | Critical point
4 100 MPa i B == { i 647.096 K | 1kbar
O Selid | ‘ 8 5 Liquid G t04 MPa.
5 olid | amy - Liqui :
e 10MPa ¥ i i - ¥ F ESE| i i T 100bar
= e Biliieitin i
2 e L] [ ClI[{[]} h.A,.A,NTP....A ,,,,,, s
o Hhe e STP 28345k
= (ortho 1 273115K (0 9C), || (@o=€),
101,3 kPa ook rhombic) ! 100 kPa || 101.325 kPa "
! B - | Freezing pointat1atm | Boiling point at 1 atm e
273.15 K:(O }C), 101.325 kPa 373.15K (100 °C), 101.325 kPa
O 6] kPG 10kPa S 100mbar
’
1kPa S i T i i i 10mbar
""" Solid/Liquid/Vapour triple point
273.16K (0.01 °€), 611.657 Pa
100 Pa [EiSEE——— i T i i T i 1 mbar
Vapour
10Pa = o e 1 “ [ 100 ubar
/001 100 374 i
010025 1Pa T l T T T T T T T T T 10pbar
250°C -200°C -150°C -100°C 50°C 0°C 50°C 100°C 150°C 200°C 250°C 300°C 350°C

— Temperatur / °C—»
Log-lin pressure—temperature phase diagram of
water

https://commons.wikimedia.org/wiki/File:Phase diagram of water.svg
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Unary phase diagrams and allotropy of elements
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Unary phase diagrams and allotropy of elements

R—— Fe - Schmelze

N
o
o
]

— Temperatur/ K—»

hexagonales Fe

a-Fe
300 | | | 1
0 10 20 30 40 50
— Druck / GPa —
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Unary phase diagrams

10000
1000
100 [T Liguid
[@)]
= 10
© Solid
£
E 1 0
o
7] 0.1 |—
5]
<
& 001 F
\ 4
0.001 |-
0.0001 L | | | | | | | | | |
400 600 800 1000 1200 1400 1600

by decreasing pressure,
a solid can sublimate
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F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
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General example of a phase diagram (P-T-X):
binary system with complete miscibility

materials science (especially metallurgy): isobaric phase diagrams (d) most common

T Solid a
Q
® | Triple point
» | of metal A~y T
£ | Solida -
o) .
& Solid a L
Metal A o Vapor T
A V+a o
Triple point O 2
of metal. B 9 e
°L a
4
c 100
(@) Metal B (c) >

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Phase diagram determination

Use Gibbs energy (G) curves to construct a binary phase diagram
that shows miscibility in both liquid and solid

a) b) c)
G T G Ta G T,
a
L
A Cg ——
d)
G Tg
L
a
A cg — B A cg — B A cg —— B
Fundamental Aspects of Materials Science and Engineering Alloy Phase Diagram Database, ASM International 32
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Phase diagram determination

a system bordered by two components (A, B)

Examples of binaries

with complete miscibility

Au-Ag Co-Re a-Fe-V Ni-Pd
Ag-Pd Co-Rh ~v-Fe-Co Ni-Pt
As-5h Co-Ru a-Fe-Ni Pd-Rh
Au-Cu Cr-a-Fe a-Fe-Pd Pd-Pt
Au-Ni Cr-Mo ~v-Fe-Pt Pt-Rh
Au-Pd Cr-Ti Hf-Zr Se-Te
Au-Pt Cr-W Ir-Pt Si-Ge
Bi-Sh Cs-K K-Rb Ta-3-Ti
Ca-Sr Cs-Rb Mn-Ni Ta-W
Co-Ir Cu-Mn Mo-Ta Ti-Mo
Co-Ni Cu-Ni Mo-W Ti-Nb
Co-0Os Cu-Pd Nb-Ta Ti-V
Co-Pd Cu-Pt Nb-Mo Ti-Zr
Co-Pt Cu-Rh Nb-W
isobaric bh di _ Formation of solid solutions
IS0baric phase diagram cooling curves (at least at higher temperatures)
F+P=C+1,
p= e.g. atmospheric pressure
Fundamental Aspects of Materials Science and Engineering G. Gottstein, Physikalische Grundlagen der Materialkunde, Springer Verlag, 2013

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

E. Hornbogen, G. Eggeler, E. Werner, Werkstoffe: Aufbau und Eigenschaften..., Springer Verlag, 2017
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Binary phase diagrams

tie line tie lines connect concentrations
in equilibrium

. 10 Units ‘5 Units
m
a WL=33kg Fulcrum W,=67 kg
Weight of Weight of
liquid phase solid phase
l | | | | |
15 20 25 30 35 40
Nickel, wt%
Coa—Co 35-30

wt% L= = =~ 0.33,0r 33%
Ca - CL 35-20

20 30 40 50
— Gew.-% Ni —p wit% S=

Co=-C, 30-20
C,-C, 35-20

=0.67 or 67%

@ (b)

m-(¢-¢)=m - (c, -¢)

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces E. Hornbogen, G. Eggeler, E. Werner, Werkstoffe: Aufbau und Eigenschaften..., Springer Verlag, 2017
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Phase diagram determination

Vegard’s law allows determination of
lattice constants in a solid solution in
dependence of composition

aap = Xg-ag+ (1 —x4)-ap

* Q,, ag:
lattice constants
of elements A and B

* Xa: concentration of A
in solid solution

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

() Lattice parameter
vs. composition plot
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<
3%
&
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Figure 2.1 Schematic diagram showing two methods for the determination of phase diagrams:
(a) schematic phase diagram; (b) the schematic cooling curve of a specific alloy X,: and (c)

schematic plot of lattice parameters vs. composition.

Time —»

J.-C. Zhao, Methods for Phase Diagram Determination, Elsevier 2011
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Binaries: Mixtures, solid solutions, alloys,
compounds, intermediate phases, ...

* Mixing of elements: Formation of mixtures, solid solutions,

* Reactions: Formation of alloys, compounds, intermediate phases
e A-B compositions: Influence on Ty,

* A-B compositions: Influence on crystal structure

Doping
Doping is very important in semiconductor physics,
a very small amount of B in A, typical << 1 at.% (ppm)

e.g. BorPinSi

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Binary phase diagrams

Fe-H » Fe-He
30 = - 1 * \ I
4 A 4 1 L = A
1 1 '4 IS E ] -~ 8 3 ﬁ
'3 ‘:J E & - 1N [ Ly
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3 ] J et - ¢
" — 4 . = j:“" ] . 37
] ] I-1 l ; gy
Fe-Na Fe-P » Fe-S » Fe-Cl Fe-Ar
: - :E :E % >~ R F= f\
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| i ] =S A ]
Fe-Cs Fe-Ba Fe-La Fe-Hf » Fe-Ta » Fe-W » Fe-Re » Fe-Os » Fe-Ir » Fe-Pt » Fe-Au > Fe-Hg Fe-Tl Fe-Pb 2 Fe-Bi » Fe-Po Fe-At Fe-Rn
Fe-Fr Fe-Ra Fe-Ac Fe-Rf Fe-Db Fe-Sg Fe-Bh Fe-Hs Fe-Mt
7 2 F b & B E 3 3 F 7 T 1
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Fundamental Aspects of Materials Science and Engineering PAULING FILE, Binaries Edition, ASM International, 2002 37
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Types of binary materials diagrams

1600
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-« g (Fe)rt  + L
1400 — 1399
1200 5 (Fe) ht + L
o "
g .
£~ non-compound forming system
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w &
35
(Fe) rt + (W)rt (L)rt
ol) 10 0 30 40 50 0 70 80 20 100
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* Alloy: A substance having metallic properties and being composed of
two or more chemical elements of which at least one is a metal

* Intermediate phase: In an alloy or a chemical system, a distinguishable
homogeneous phase whose composition range does not extend to any of the pure
components of the system

* Intermetallic phase: A compound or intermediate solid solution, containing two or
more metals, which usually has a composition, characteristic properties, and crystal
structure different from those of the pure components of the system

* Intermetallic compound: An intermediate phase in an alloy system, having a narrow

range of homogeneity and relatively simple stoichiometric proportions; the nature
of the atomic binding can be of various types, ranging from metallic to ionic

1800 -}

i 2630
1600 | L

| 1455
1400 1395

1200 |

1000 |

Temperature, °C

NizAl3

NiAl
NizAl
(Ni)

800 |

(((((

NiAl3

o 10 20 30 40 50 60 70 80 90 100

Al at. % Ni

Fundamental Aspects of Materials Science and Engineering
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Alloy Phase Diagram Database, ASM International
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Binary phase diagrams

L (liquid)

Solidus Liquidus

Temperature —»

o
solid solution

A Composition B

a+L

Te

Temperature —»

oyt oy

A Composition B

Schematic binary phase diagram with miscibility gap
in a single-phase field

Fundamental Aspects of Materials Science and Engineering
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Schematic binary phase diagrams with solid state miscibility where the liquidus shows a maximum and a minimum
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G. Gottstein, Physikalische Grundlagen der Materialkunde, Springer Verlag, 2013
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Phase equilibria in binary systems

Name of reaction Phase equilibrium Schematic representation
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Solid solutions

Before mixing Alter mixing A T T E N
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Solid solutions

2 Solid-State Chemistry

" He
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Solid solutions

Solid solutions can form, if components have:

similar size (< 15%)

53
Li

167

190

243

Rb

265

Cs

298

Be

112

Mg

145

Ca

194

Sr

219

Ba

253

Sc

184

212

La

4 5 6 7 8

Atomic radii of elements

Metals

Semimetals

Nonmetals
Ti \'} Cr Mn Fe
176 171 166 161 156

Zr Nb Mo Tc Ru

206 198 190 183 178
Hf Ta w Re Os
208 200 193 188 185
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Solid solutions
When do they form?

Solid solutions can form, if components have:

* similar electronegativity

Electronegativity of elements

Co |"Ni [cu |"zn
1.91 1.65

Rh |"Pd ['Aq |Cd
2.20 .Qg 1.69

Ir |"Pt "Hg
2.28 2.00
m nz2

Mt | Ds Rg | Cn
no data|no data|no data|no data|no data

162 | 233 | 202 | 20 2.2 |nodata

n3 14 ns 118 nz ns

no data|no data|no data|no data|no data|no data
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Solid solutions

Solid solutions can form, if components have:

e same crystal structure

Li Metal Elements from the Periodic Table

Na @ .
kled G| v][er]@n[Fe] €0 oD &y @n) 3
Ro| &8 () @[N] o] (9 RY) & &9 &g €9) (i) G
b OORWEEODBHH®HDE

La Pr/ (Nd/ Py Sm [Eu @@@
HCP He @

(Cubic Close Packing)  (Hexagonal Close Packing) (Body Centered Cubic) (4H) (Other)

19/08/2008 chemtips.com
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Binary phase diagrams
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Au, Ag, Cu, Ni:
fcc
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Solid solutions

* soluble atoms add lattice distortions Effects of alloying elements on the yield strength of Cu
depending on position in the lattice 40,000 }- X
* distortions affect mechanical properties Be ~L
30,000 -
Si : l E
) Sn —=
a
S
o
£ 20,000 H Al
- Ni
’_‘_U) Zn
&
10,000
ata
1 1 |
Large substitutional atom 0 10 20 30
Percent alloying element
Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
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Dependence of physical properties on composition

for binary systems with complete miscibility

electrical resistivity mechanical properties
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Eutectic phase diagrams

1100_ S et i i b ‘ : . e ‘ : L I .
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s60 || Whatis the solubility
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£ P ] : o>
5 \ X of Agin Cu at 700°C:
sool _ \ . g = Write down the
g ) = . 750 S : i
= eutectic reaction.
/e | eutectic reaction isotherm | /v\,.
/ solvus o+ B solvus \l' : .
/ | Where do we find
=% 10 20 30 a0  so 0 70 so 9o 100 maximum Solub|||ty?
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\ > Pauling File Binaries Edition, Version 10, Release 2002/1 =
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solid solution o solid solution
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Eutectic phase diagrams

* Interesting phase diagrams:

high melting point of components, low eutectic temperature

1500 IR TP U TSN W R STV (T WO SO0 W VO ST SO VAU U0 SO W U WO T VT T W0 S0 O U0 U0 WO SO0 Y W0 S WO U0 VT U0 SO0 W W RO W0 VR T W T W S U VA SO0 0T WO N VA WO WO U O SO0 W0 07 SN RO S W W0 S W T U TR S W S R R
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11004
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! \
500

363
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Au-Si eutecticum is used in MEMS
as bonding material
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Eutectic phase diagrams

TfeC
4 1050
melt electrolysis process
‘ %AL0; Tm of Al,O5: 2000°C
1000
- Krvolith
= L 962 °C
=30 R-Kryolith + ALO.,
| | |
0 4 10 15 20
Na,AlF, ——» Wg. % AlLO, ALO,
Fundamental Aspects of Materials Science and Engineering U. Schubert, N. Hiising, Synthesis of Inorganic Materials, John Wiley & Sons, 2012 52
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low melting point of components, high melting temperature of compound

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Eutectic phase diagrams

(a)

A —_— B
‘B
GL
=T
S

|
l
@ | Lo+ 1o
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What are reasons for
limited solid solubility?

300

250

Temperature, °C

200

150

183

o+

(Pb)

100

50

0 10 20 30 40 50 60 70 80

B phase has same crystal structure as pure Sn,

Pb at. %

232

size of atoms
crystal structure of components
electronegativity of components

| extent of solid solution increases with
| temperature for both phases

(Sn) rt

100

Sn

- increasing temperature leads to greater atomic
- vibrations, allowing more flexibility in
- accommodation of foreign atoms

Pb atoms are distributed at random within the Sn crystal as defects.

Extent of solid solution in o phase is much greater than that in 3 phase,
as smaller Sn atoms are more readily accommodated in the structure of the
large Pb atoms, than are Pb atoms in the Sn structure.

Fundamental Aspects of Materials Science and Engineering
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Examples of the dependence of electrical properties of binary
systems on the composition and type of phase diagram

T T
Resistivity (nQ2m)
60,
a
A+B 3l it eiee—
n—————— — I e —— 14( Quenched | .-~
|-
120 &
A B A B
100
80 Annealed
60
T T
! ‘ 40 |
20 !
Cus;Au CuAu
Ap !
o7} 0 - >
p 0 10 20 30 40 50 60 70 80 90 100
a4y Composition (at.% Au)
|
A B, B A B A B
(a) (b) (c)
o
z z z
2 3 g
E E 5
§ § ;
® o i i g
£ g ! i 2
3 3| o rB
w ul : oa+f :
1 1
A Content of B B A Content of B B
(a) (b)
sl . . oz : s ; . Composition
Figure 4.7 Variation of electrical conductivity with composition for (a) a continuous solid = Gl jg ; B ;
: : asutecti rete gure 4. different kinds of electrical conductivity vs. composition curve for binary systems
solution and (b) @ bmary SUIRFUC SyseI. with intermetallic phase ~ [4]: (a) stoichiometric compound (v), (b) ordered compound ~ with
wide homogeneity range, and (¢) disordered compound with wide homogeneity range.
Fundamental Aspects of Materials Science and Engineering J.-C. Zhao, Methods for Phase Diagram Determination, Elsevier 2011
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Temperature-dependent resistivity
measurements indicate phase transformations
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Figure 12.6 Temperature dependence of the
From Ref. [7].
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Figure 11.2  Electrical resistance curve (a) and its differential (b) showing a 20-0OD transition
of a Fe-50 at.% Co alloy reported by Seehra and Silinsky [4]. The behavior of electrical resist-

ance is similar to that in the 1O-OD transition.
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Figure 11.1  Electrical resistance curves showing the 10-OD transition of a Au-50 at.% Cu
alloy reported by Sprusil and Pteiler [2]. The T, is defined as the temperature with the maximal :
adie i aatino o o =y L I I
gradient in the heating curve. U 500, 300 P
(b) Temperature (°C)

Figure11.3  Electrical resistance curve (a) and its differential (b) showing a 20-OD transition
of Fe-27 at.% Al alloy reported by Sprusil and Pfeiler [5]. While a small and broad peak appears
in the temperature region below T, the T, is defined as the temperature at the minimum point
of the negative peak in the differential curve.
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Schematic binary phase diagram with
intermetallic line compounds and different

melting reactions

Congruent
G | I G 1
GB GB
Syntectic
T Peritectic & -
& m i ]
g < | |
() | ‘
=N - |
Catatectic
: A } B A My B
a Ideal .
%m (a) composition (b)
FIGURE 1.23 _ . . .
Free energy curves for intermediate phases: (a) for an mterr-netalhc.c'ompound with a very
it b narrow stability range, (b) for an intermediate phase with a wide stability range.
A Composition )

line compounds have
stoichiometric compositions:
AB, A,B, AB;,, ...
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frequently intermediate phases
have compositional existence
ranges

PAULING FILE, Binaries Edition, ASM International, 2002
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Peritectic phase reactions

Not all intermediate compounds show congruent melting.
Many intermediate phases transform into a liquid at a peritectic point. On heating
through a peritectic point, a solid transforms to a liquid plus another solid of a different

composition.
The solid melts “incongruently”.

Peritectic reaction:
usually for systems where the Liquid (L)
components have very different Ty,

_% Perifectic
At the peritectic point: g point

c
On cooling: L+ B 2 v 2

Eutectic
On heating:y 2 L+ 3 coint \ v+ P
o+y
A B
Composition
Fundamental Aspects of Materials Science and Engineering R. J. D. Tilley, Understanding Solids: The Science of Materials, John Wiley & Sons, 2013 59
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Binary system with limited mutual solubility,
line compounds and alloys with existence

range
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The Ni-Al system is important for superalloys
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Binary system with limited mutual solubility, line
compounds and aIons W|th eX|stence range
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The Co-Al system is important for superalloys

PAULING FILE, Binaries Edition, ASM International, 2002

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

61



RUHR-UNIVERSITAT BOCHUM
Example of a binary system with intermetallic
line compounds
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Example of a binary system
with intermetallic phases
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B2 phase: TiNi, shape memory alloys
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Example of a binary system with intermetallic
phases: hard magnets
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The phases SmCos and Sm,Co,; are important for hard magnets
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Example of a binary system with intermetallic
phases: hard magnets

SmCos: hexagonal

® Co

Sm,Co,5: hexagonal, rhomboedric,

Sm(Cog g7Fep.23Cup 08Zr0.02)8.35

(a)

Fig. 6.29. (a) Hexagonal and (b) rhombohedral structures of Sm,Co,,; compounds.

(b)
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Hume-Rothery phases in the Cu-Zn system

(valence electron phases)
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a series of peritectic reactions
phases are named consecuetively
order transformation (B3, B’)

3
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“Purple plague” in the Au-Al system
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* ,purple plague” AuAl,

* “white plague” AusAl,

e further phases
AuAl, Au,Al, Au,Al

PAULING FILE, Binaries Edition, ASM International, 2002
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Gas metal systems

Gas metal systems:

e during processing

* during service

* high-temperature oxidation
* hot-gas corrosion

Metal hydrogen systems
(e.g. Pd-H, Mg-H)

Nitrides

Oxides

Fundamental Aspects of Materials Science and Engineering

Determination of Phase Diagrams for Hydrogen-Containing Systems 461
o b
AL y y  Structure
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I
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Figure15.1 Schematic diagrams showing (a) a miscibility gap system, (b) a structural transfor-
mation system and (c) an isotherm corresponding either to (a) or (b) at temperature T [8].

J.-C. Zhao, Methods for Phase Diagram Determination, Elsevier 2011 68
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Gas metal systems: Ellingham diagram for oxidation of metals

HI/H]O ratio 10* 10% 10+ p0O2
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Gas metal systems: Ellingham diagram for oxidation of metals
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Gas metal systems: Ellingham diagram for oxidation of metals
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Picture: https://www.doitpoms.ac.uk/tlplib/ellingham_diagrams/ellingham.php
Publication: Ellingham H. J. T., ) Soc Chem Ind (London) 63 125 (1944)

Which partial pressure of
oxygen is in equilibrium?
Higher pO2 than equilibirum
410+ leads to oxidation, lower to
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Gas metal systems:

isothermal stability diagrams

a metal and two gases

alloys and gas(es)

Log psp,. atm

~10 -5 0 0 ‘ l I
0 e = — ZnSO, + Fe,0;
TED i == [ [ =]
P= : (Fe,Cr);05 1 i—————ZnOQ'ZnSOd + Fe;0s
NiS (1) * (Fe.Cr)s0a \ \ [ i l[
. . _s _ F——3—]@nFelFe,0.
°. . \ b2 \ Zn0:2ZnS0, + ZnFe, 04 + Fe,0,_|
-10 ;’/f ~6 _‘y(Fi,Cr) N
NiSO, (s)— . . . (Fe,Cr)O (Fe,C+r)304 \ \ |
£ g B E s |
© . ‘. “. %, (Ff'cr)o (Fe,Cr),04 = ol Zn0 + ZnFez\o4 \
k: ° - . o -10 + S
5 = ¥ Q e ~
g -2 . . “ 2 T \\ (Fe.Cr)304
@ NiO (s) 4 D - - — ; w (Zn Fe)Fe,0,
S Ni (s) ., . l| Vwr(Fe,Cr) + (Fe,Crs0s N Ve Feinan X .
. .'l h ~—_ 1| «lFeCr) + (Fe,Cr),04
— L3 T — e ] = F T c IF o -
! | =1& [~ Xy(Fe,Cr) + (Fe,Cr),05 ] ) ZofslS  lankelfeade—T
: =T 1 1
| G || =tFetn k | (znFe)s (Zn,Fe)S + “FeS”
. il e | ! b 1 |
. = || vFecn .l "o 02 04 06 08 10
: -20 | 1 Mole fraction of iron
s 0 20 10 0 0 02 04 06 08 10
—4 -3 - - - i - ;
’ tm Mole fraction of chromium The Fe-Zn-$-O system for p = T atm at 890 °C (1635 °F). Source:
Log Poy @ | 55 ThE E-GR0 595t ¢ 1300 °C %ef 11.4 as published in Ref 11.2
i Stability diagram for the Fe-Cr-O system at 1. ; =
Flg' 1.3 Source: Ref 11.2 psoz
: B ). Source: Rel - const.
The Ni-O-S system at 977 °C (1790 °F). Source: Rel 11.3 as pub

lished in Ref 11.2

also: Kellog diagram

predominance diagram: phase fields show predominant phase,
other phases may also be present

Fundamental Aspects of Materials Science and Engineering
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F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012 72



RUHR-UNIVERSITAT BOCHUM

Gas metal systems: Ti systems

TiN: hard coating material

TiO,: numerous applications, e.g. catalyst

TiH,: hydrogen storage

(Ti) ht

(m)rt

300

Temperature, °C
TiHz ht

TiHp rt

30 40 50 60 70 80 2

H at. %

1 8E

2000 |

1600 -

Temperature, °C

1400 |
1200 |

1000 |

Ti 400 |

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

30

o}

Temperature, °C

TiOz rut

3500
3290
3000
2500
2000
1500
1000
500
45 S0
N
=
o=t
SX=Y-X-¥o)
N T I
FFFFF
U AL
' 0/ | 1770
el 4 -
S \
=Y 1720
1 py 1590
-
=
o |
[
(=}
€
L
Q
o
=
-
|80 |
el 720 |
o
= - l
S o
o) Py
FIF 460l

&
S -

TiN

| TiNgs N+ rt

1820

TiO ht2

?TiO ht1

2 Toshtt |
?Ti405 ht2

a

7]
84

L
2350 .
2020
i
E
1100 1050
800
i =
=
=
65 70 75 80 85 90
at. %
S
L
1885
1790
1770
1250
(Ti) rt
940
920
s =
=
S’ 600 2
o m =
= o=
Q, 500
60 70 80 90
at. %

&

PAULING FILE, Binaries Edition, ASM International, 2002

1720

(i) ht

(Ti) ht

670

1 1670

i 882

100
Ti

73



RUHR-UNIVERSITAT BOCHUM

Further information in phase diagrams:

magnetic transitions

Weight Percent Palladium

0 10 20 30 40 50 60 70 80 90 100
16{}{) { . T ! - T T L T ! T . I 4 T T d T N
1538°C ..  1555°C
\7".“ E
01X 4
1394°C | (5Fe) 1304°C
54.9 metastable Fe,yPd;,:
1200 4 E .
| ferromagnetic shape
= 1 YFe,Pd 4
® 3 W 5 memory alloy
5 1000 =
2 912°C |, -
o N B15°C TN .~ 820£20°C
& 200 By -7 _786C o = ‘
= Magnetic transition
(cFe) B05°C
600 4
Magnetic transition
400 - &
200

0 10 20 30 40 50 60
Fe Atomic Percent Palladium
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J.-C. Zhao, Methods for Phase Diagram Determination, Elsevier 2011
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Examples of binary phase diagrams that give rise to
precipitation reactions

Temperaluie —

Fundamental Aspects of Materials Science and Engineering

(L)

Miscibility gap

Og=*y * 0y

Intermediate

Sloping solvus:
decreasing sold
solubility with
decreasing tlemperature
ag=ea + §

Proeutectoid
reaction
Bo—*a + @

phase
(4
(lo
ay * ooy x
Y
(TR |
Intermediate Promonotectoid; similar Heterogeneous

phase

lg=wl « «

10 miscibility gap
Qg==qy ¥ iy

ordering. y s
an ordered phase

=0 * Yy

: http://mio.asminternational.org/apd/index.aspx

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Summary of impossible phase relationships

in published phase diagrams

Liquid

NI

Temperature

[PTTRTTUTIARTTRVTOPIARTINTIRTIITRTTNTRTIITRVTNTINE /URTINTINR ARTIRTINI PUTRTTNITE PUTHUTH T FYURTONTIIY

TrIrryrr[TrrIrrYT Tl Y

40 <0
A Atomic Per

A: The liquidus and solidus must meet at the melting point of the
pure element.

B: Two liquidus curves must meet at one composition at a eutectic
temperature.

C: A tie line must terminate at a phase boundary.

D: Two solvus boundaries (or two liquidus, or two solidus, or a
solidus and a solvus) of the same phase must intersect at one
composition at an invariant temperature.

E: A phase boundary must extrapolate into a two-phase field after
crossing an invariant point.

F: A two-phase field cannot be extended to a pure element end.

G: Two boundaries of g must not be continuous at the invariant
temperature. They must cross one another.

H: An invariant temperature line should involve equilibrium among
three phases.

I: There should be a two-phase field between two single phase fields.

J: When two phase boundaries touch at a point, they should touch at
an extremity of temperature.

K: A touching liquidus and solidus (or any two touching boundaries)
must have a horizontal common tangent at the congruent point. In
this case, the slope of the solidus appears to be discontinuous at the
melting point.

L: A local minimum point in the lower part of a single-phase field
cannot be drawn without an additional boundary in contact with it
(minimum congruent point or monotectic reaction in this case).

Fundamental Aspects of Materials Science and Engineering : http://mio.asminternational.org/apd/index.aspx

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Summary of impossible phase relationships
in published phase diagrams

M: A local maximum point in the lower part of a single-phase field cannot be drawn
without a monotectic, monotectoid, syntactic, and syntectoid reaction occurring at a
lower temperature. Alternatively, a solidus curve must be drawn to touch the liquidus
at point M. (If the maximum is not local, as in a miscibility gap, this is not a phase rule
violation.)

N: The temperature of an invariant reaction must be constant. (The reaction line must
be horizontal.)

O: A phase boundary cannot terminate within a phase field (except the case when the
boundary is unknown beyond this point).

P: The liquidus should not have a discontinuous sharp peak at the melting point of a
compound. (See exceptions below.)

Q: The compositions of all three phases at an invariant reaction must be different.

R: Temperatures of liquidus and solidus (or any two boundaries) must either increase or
decrease together from one point on the pure element line as the content of a second
element increases.

S: A four-phase equilibrium is not allowed in a binary system. (See exceptions below.)

- T: Two separate phase boundaries that create a two-phase field between two phases in
o oo equilibrium should not cross one another.

SR IR By o
70

o 60

ercent
Although gh:—]ge lr]ulg are not violated, three additional un}asual situations (X, Y, and Z) are also included in Fig. 27. These unlikely situations are discussed in the
next section.
An additional problem, not shown in Fig. 27: would be a continuous solid solution phase between two phases with different crystal structures. For example, a
fcc phase and a bcc phase cannot form a continuous phase. There must be a two-phase field between them.

Exceptions

A four-phase reaction in appearance, as S in Fig. 27, may occur if temperatures of two invariant reactions with an overlapping composition range are very close
to one another.

A sharp peak as P may occur if this phase exists in the same molecular state in the liquid phase as it does in the solid state. The apparent sharpness of the peak
varies depending on the degree of association of the liquid molecules.

Fundamental Aspects of Materials Science and Engineering : http://mio.asminternational.org/apd/index.aspx
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Types of improbable phase boundaries

......... Lacaasaaaelacaasaaaalea s caaaaa e caaaaaalsseaasaaal 1 sl
. G
a 3 L E
-E.\/—‘ : E-
b4 e
3
i ¥ " Et
3 0 2 E
3 n E
E = € 3
3 m 3
3 d <€ 3
ja :
5 hs L ﬁl 3
E rEpTETTEEE | L I TRrTEEER N reery rerEEeE e MRS -
0 10 20 30 an 50 40 20 o0 100
A Atomic Percent B B

k: The liquidus is too asymmetric. According to the author’s criterion, a liquidus is already too asymmetric if the liquidus width ratio to the left

and right of a compound exceeds 2 to 3.

I: The transformation temperature of € to B, should be higher than the melting point of €. Otherwise, the B, phase is stable above point j.

m: Extrapolation of two boundaries of L + 8, should not cross. Problem T of Fig. 27 occurs.
n: A two-phase field must be narrower at higher temperatures.

o: The slope is too flat to have a maximum point at the composition of ¢.

p: The liquid miscibility gap is too close to the edge of a phase diagram.

q: The liquidus slope is too steep. The initial slope of a liquidus must conform to the van’t Hoff relationship. If no solubility can be assumed for
the solid phase, extrapolation of the initial liquidus should go through the horizontal axis at 0 K near approximately 110 at.%.

r: Extrapolation of two boundaries of L + B3 should cross at the 100 at.% line, not at some composition exceeding 100 at.%. Problem A of Fig.

27.
s: Two phase boundaries should have different initial slopes.
t: The slopes of two phase boundaries are too far apart.

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

a: G + L two-phase field is too narrow. The opening angle
of G + L at 0 at.% must be much larger because the heat
of vaporization of an element is usually much greater than
the heat of fusion.

b: Extrapolation of the liquidus should not cross the 0 at.%
line. Otherwise, problem F of Fig. 27 occurs.

c¢: The liquidus of 6at point c is too flat in comparison with
the liquidus of &at point e. Problems ¢, d, and e are
related. Because entropy of fusion of elements and
compounds cannot differ much, curvatures of liquidus
curves for compounds in a binary system must be similar.
A phase with a sharper liquidus tends to decompose into
two neighboring phases at low temperatures.

d: A compound with a flat liquidus is stable and will not
decompose at low temperatures.

e: Liquidus at point e is too sharp in comparison with the
liquidus at point c.

f: Extrapolation of the liquidus of A, must have a peak at
the composition of A,. Otherwise, problem P of Fig. 27
occurs.

g: Change of liquidus slope associated with an allotropic
transformation must be small.

h: Two compounds having similar compositions cannot be
stable over a wide temperature range.

i: A phase field of a compound cannot extend over a
neighboring phase. Problem T of Fig. 27 occurs.

j: The congruent melting point of AmBn compound is too
far away from its stoichiometric composition.

: http://mio.asminternational.org/apd/index.aspx

78



RUHR-UNIVERSITAT BOCHUM

Multinary systems

Number of components

system

v ~ W N

unary
binary
ternary
guaternary
quinary

Fundamental Aspects of Materials Science and Engineering
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Example of a phase diagram of ceramics
with a quaternary line compound

| congruent
Liquid (L) L + CQAlLOC, melfin
1600 — g
8
B L+ G
® 1300 _
5 1200 W+e |
1100 | | ] | | | | | |
10 20 30 40 50 60 70 80 20
Casio, CoNSO, .
(Waollastonite) (Gehlenite)

Compaostiion / mol%

Figure 4.14 The wollastonite—calcium aluminate (Ca-
S105-CaAl>,0O,4) phase diagram showing the intermediate
phase gehlenite, Ca,Al>,S10;

Fundamental Aspects of Materials Science and Engineering R. J. D. Tilley, Understanding Solids: The Science of Materials, John Wiley & Sons, 2013 80
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Phase diagram of functional ceramic PZT

solid solution of lead

: : 500
titanate and lead zirconate
- paraelektrisch
kubisch
400
MPB: [001]
morphotropic phase boundary 2 a0
5
T
ferroelectric (piezoelectric) E 200 : .
sensors and actuators - . ferroelektrisch
ferroelektrischr tetragonal
(transducers) omboedrisch

100

40 50 60 70 80 90 100
PbTiO, (mol-%) PbTiO 3

phase
transformation of
perovskite structure

1.3a: unpolar (7" > T¢) 1.3b: polar (T < T¢)

Fundamental Aspects of Materials Science and Engineering 81
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Ternary phase diagrams

ternary: C=3,

shown in equilateral triangle
What about T and pressure?
most often: isobaric
equilateral prism

-

g
£ 5
g 2
§ &
a 2
5
A B 5

&)
Space model for ternary phase diagrams
Fig. 10.5

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

vertical section (isopleth)

Isothermal sections:

A B
wid A
Wt B
400
phase fields
300
200
100
0
A-40%C 30% A B-40% C
30% 8
40% C
Isopleth through hypothetical ternary phase diagram at a constant dete rmini ng com pOSItIOnS

40% C. Adapted from Ref 10.1

F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012 82
E. Hornbogen, G. Eggeler, E. Werner, Werkstoffe: Aufbau und Eigenschaften..., Springer Verlag, 2017
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Free energies of a liquid and three solid phases
of a ternary system

three binary eutectics

G 1
4

‘ three phase
. equilibrium

Abb. 5.28, Schnitt durch terniires Zustands-
flagramm bei Temperatur oberhalb der

serniren eutektischen. aber unterhalb aller
ninaren T'g

1.41 A _— i
(Ft:)GFlif:encrgics of a liquid and three solid p_vhuses of .a-tvr'nar_\’ S,\'st'om. <-b- .»\it:ni\:\[;:t\‘mtleil::;
construction to the free energy surfaces defines cqulhbru'nn between s .\.r;\ I e nary
system, (¢) Isothermal section through a nfrnarj\' phase dmg-rm.'n obt;nnut :n‘mt 1 ‘r;, S
a' two-phase region (1.1S) and various tie-lines. rlwt- amounts of an{ :‘;d, _‘pLL s 'r;m 4
mined by the lever rule. (After P. Haasen, Physical Metallurgy, Cambridge University 58,

Fundamental Aspects of Materials Science and Engineering

D. A. Porter, K. E. Easterling, Phase Transformations in Metals and Alloys, CRC Press, 1992
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Ternary phase diagrams

for enlargements

of small composition ranges
the rectangular diagram is useful

P : i { . I

TR b ! H I ! I » I — ! 'D 7 7 7 7 7 7 g T
0HCP 20 A 40 60 80 FCCioo g HCP2 A 40 " 60 " 80 T Ci00
Mg T wt.% Al Al Mg *Alwt.% Al Al

Fig. 7 Isothermal section of the Mg-Al-Zn phase diagram at 500 “C displayed in (a) rectangular coordinates, and (b) in the equilateral
composition triangle. The L + FCC tie line passing through the state point of the alloy Mgl0AI70Zn20 (wt.%) is highlighted

Fundamental Aspects of Materials Science and Engineering Schmid-Fetzer, R. J. Phase Equilib. Diffus. (2014) 35: 735
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Ternary phase diagram (isobaric, isothermal)

equilateral triangle
AC=AB=AC=100%
,Gibbs triangle”

p, T = const.

9,
v.

é?
K
S
D
S
3

Fundamental Aspects of Materials Science and Engineering
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1 ternary system, C=3 (A,B,C)
3 binary systems: A-B, A-C, B-C

Phase rule
F+P=C+2

p=const
F+P=C+1

85
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Ternary phase diagrams:
Determining compositions

i
a3

&

equidistant

/\/\/ Q lines

LB

JAVAVAVAVAV
E/\/\/\/\A/W\y\>\c

|
|
|
I
|
1
i
I
|
-
-
I
|
|
|
]
1
I
|
|
|
I
|
|
I

Fig. 10.7 The Gibbs triangle. Adapted from Ref 10.3

Fundamental Aspects of Materials Science and Engineering
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Fig 10.8 The Gibbs triangle with compaosition lines. Adapted from Ref
10.3

the percentage of C by the line Pe (or Pc’), 10 units long. Other examples
shown 1n Fig. 10.8 are: Alloy R =30% A4 + 40% B + 30% C, Alloy 5= 80%
A+ 10% B + 10% C, and Alloy O = 60% A4 + 0% B + 40% C.

F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
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Ternary phase diagrams: ternary stoichiometric
phases and lines of constant binary ratios

C

1: ABC,
1 g XC:SO% 2: AB3C4

\ 3: A,B,C,
q o xma5% AiABoC

\

A Xp/Xg=1 Xp/Xg=1/3

A ternary system can comprise stoichiometric ternary phases,
e.g. ABC, and/or areas with variable composition

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Ternary phase diagrams

components of ternary systems can be also compounds

WO, Zro, WQ,

ZrQ,
Figure 4.20 The simplified WO;-WO,—ZrO, phase Figure 4.21 The method of determination of composi-
diaeram tions on an isothermal phase diagram
tie lines and tie triangles
Fundamental Aspects of Materials Science and Engineering R. J. D. Tilley, Understanding Solids: The Science of Materials, John Wiley & Sons, 2013

Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Ternary phase diagrams:
Tie lines, lever rules

If any two ternary alloys are mixed tie lines can be
shown. Mixture compositions will lie on a straight line
joining the original compositions.

If the alloy decomposes in two fractions,
their composition will lie on the ends of a straight line
passing through the original composition.

/\/ S, L: two ternary alloys of composition S=A,,B7¢C1o,

/\/ / \/\ L: AyoB30Cs0. P: 25%S+75%L

Lever rule can be applied as the diagram is isobaric
" and isothermal.

-

VAVAVAVAVAVAVAN
KXWX\/\ %5:% % 100

Flg 10.9 The Gibbs triangle with tie line. Adapted from Ref 10.3

B

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Ternary isomorphous phase diagram:
example of solidification of an alloy x

isothermal cuts

vertical section
=quasibinary cut

(Q) (0) = isopleth
L1, L2, ... on liquidus surface
S1, S2, ... on solidus surface S
D E
Fundamental Aspects of Materials Science and Engineering E. Hornbogen, G. Eggeler, E. Werner, Werkstoffe: Aufbau und Eigenschaften..., Springer Verlag, 2017
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Ternary isomorphous phase diagram:
projection of liquidus temperatures

Au liquidus projection

50
(Ag,Au,Pd)

10

1 OA 20/\ 3(/)\ 4(;\ 56\ 60A 70A 80,\
Ag at.% Pd
all fcc

Fundamental Aspects of Materials Science and Engineering
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Pd

Au solidus projection

(AgAu/Pd)

N N N N N N N N
10 20 30 40 50 60 70 80 90
Ag at.% Pd Pd

Alloy Phase Diagram Database: http://www1.asminternational.org/asmenterprise/APD/default.aspx
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Three phase equilibrium in ternary systems:
Tie triangle

Three phase equilibrium in ternary systems occurs over a temperature range (bivariant)

A

tie triangle:

alloys S, R, L in equilibrium

If any 3 alloys of a ternary system are mixed,

the mixture composition will lie within the triangle.

/\/ W The lever plane balances: “if 20% of alloy R is placed on point R, 30% of
/\/\/W\/\ alloy S and 50% of alloy L on point L”
S
\ “For calculation, it is convenient to resolve the planar lever into two linear
JAVAY/AVAVAVAVANR 2ot
i OANN
? 5 AVAN

VAVAVAVAVAVAVAVA

" 10.19 Analysis of a tie triangle. Adapted from Ref 10.3

|

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012, pp. 208-210
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

\/\ “a weightless plane triangle (here: RSL) supported on a point fulcrum at P”
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Three phase equilibrium in a ternary system (l)

one isomorphous binary and two eutectic binaries

Flg 10.21 Development of isotherms shown in Fig. 10.22. Adapted from C
Ref 10.3

Flg. 10.22 isotherms through the space diagrams of Fig. 10.21. Adapted from Ref 10.3

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Three phase equilibrium in a ternary system (ll)

2 eutectic binaries, 1 isomorphous binary isothermal section at T < Teoigus
L A B
Liquidus B
surface L a+p
< L
E
© —— Solidus
surfacs
Solidus 25 Ts
surface
:“‘\Solv,; C
Solvus ; surface
surface !
A i B
Fig' 10.20 Three-phase equilibria in a ternary system with a eutectic reac-
tion. Adapted from Ref 10.3 c

Fundamental Aspects of Materials Science and Engineering

F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Three phase equilibrium in a ternary system (lll)

T/>T,>T3>T,

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces
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Three phase equilibrium in a ternary system (V)

C

3 Sequence of equilibria involved in freezing of an alloy, showing
gross composition in each isotherm. Adapted from Ref 10.3

Fig. 10.2

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012 96
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Peritectic system with three-phase equilibrium

Temperature

c

ay

Flg 10.24 Three-phase equilibria in a ternary system with a peritectic reac-

a+f+L
tion. Adapted from Ref 10.3

Be B

Fig. 10.26 TUic triangles at three different temperatures. Adapted from Ref
10.3
Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
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Ternary four-phase equilibrium
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Fig' 10.27 Temperature-composition space model of a ternary eutectic sys- Fig. 10.28 'sotherms taken through space model in Fig. 10.27. Adapted
tem with the reaction L = o + B + v. Adapted from Ref 10.3 from'Rel 10:3
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Ternary phase diagram
(isobaric, eutectic)

three eutectic binaries

ternary eutectic:
L=a+B+7y

A

FI‘.’, 10.2 Hypothetical ternary phase diagram. Binary phase diagrams are
: present along the three faces. Adapted from Ref 10.1

Fundamental Aspects of Materials Science and Engineering F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012 99
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Ternary phase diagram (isobaric, eutectic)

1160

1190

Eacs
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Melling lemparalures. c
A- 450"
& 600"
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Temary eutectic- 150"
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+— wile A
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Fig' 10.3 Lliquidus plot for hypothetical ternary phase diagram. Adapted
B

from Raf 101

A Eac C
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Example: Fe-Cr-Ni system

Atomic Percent Chromium
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Fig. 10.38 The isothermal section at 900 °C (1652 °F) of the Fe-Cr-Ni ter-

nary phase diagram, showing the nominal composition of 18-8

Flg 10.37 Two representative binary iron phase diagrams, showing ferri stainless steel. Source: Ref 10.6 as published in Ref 10.5

stabilization (iron-chromium) and austenite stabilization (iron
nickel). Source: Ref 10.4 as published in Ref 10.5

Fundamental Aspects of Materials Science and Engineering

F. C. Campbell, Phase Diagrams: Understanding the Basics, ASM International, 2012
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces

101



RUHR-UNIVERSITAT BOCHUM

Ternary phase diagrams: quasibinary section
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Quasi-ternary phase diagrams

SIO,
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Figure 4.22 Schematic phase diagram for the MgO-
Al,O3-S10, system, which contains several important
ceramic materials
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Abbildung 4.51. Schematische Darstellung eines quasiternaren Systems wichtiger
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Ti-Ni-Cu
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© ASM International 2007 Diagram No. 200884
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Nd-Fe-B
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Nd,Fe,,B
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O Fe e
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Fig. 6.30. The unit cell of Nd,Fe,,B, showing the different Fe sites. (Adapted from Croat
et al., 1984)
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Ag-Au-Cu: isothermal diagrams
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Ag-Au-Cu: vertical section
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Ternary phase diagram of jewelry metals:

color

Der

inten-
sivste Griinton einer
Gold-Silber-Kupfer-

Legierung (Cadmium-

frei) tritt bei
Aub646 / Ag354 /
Cu0 auf.
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Die Ubergénge zwischen den Farbbereichen
darf man sich nicht scharf vorstellen, wie
es das Konzentrationsdreieck vermuten
lasst. Vielmehr geht ein Farbton flieBend in
den anderen Uber.

Au

0, 1000
rétlich-gelb

FARBBEREICHE der Gold-Silber-Kupfer-Legierungen (nach Dries und Leuser)

grinlich-
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Technisch wissenschaftliche Grundlagen des Goldschmiedens,
Teil 2 Werkstoffkunde der Edelmetallverarbeitung, Bielefelder Verlag, 2004
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Ternary phase diagram of jewelry metals:
chemical resistance

’—\ CHEMISCHE BESTANDIGKEIT der Gold-Silber-Kupfer-Legierungen (nach Tammann und Sterner-Rainer)

Folgende vier Bereiche chemischer Be-
standigkeit, die scharf gegeneinander
abgegrenzt sind, lassen sich unterschei-
den:

@ Legierungen mit mehr als 50 Atom-%
Gold (dies entspricht etwa 750 Gewichts-
%) sind gegen chemische Einfliisse voll-
kommen resistent und lassen sich nur in
Konigswasser losen.

® Legierungen mit 37,5 bis 50 Atom-%
Gold (ca. 650 bis 750 Gew.-%) werden
von starken Sauren (z.B. Salpetersédure)
angegriffen. Dabei |6sen sich die Kupfer-
und Silberanteile soweit auf, bis sich ein
Goldanteil von 50 Atom-% gebildet hat
Dies hat gleichzeitig eine Farbédnderung
ins Goldgelbe zur Folge.

@ Legierungen mit Goldgehalten von 25
bis 37,5 Atom-% (ca. 530 bis 650 Gew.-
%s) werden in starken Sauren vollig zer-
setzt, indem die Zusatzmetalle in Losung
gehen, das Gold jedoch als Bodensatz
zuriickbleibt.

@ Legierungen, deren Goldanteil unter
25 Atom-% liegt (unter ca. 530 Gew.-%.),
laufen unter dem Einfluss von Schwefel
sowie an der Luft infolge des in der At-
mosphdére vorhandenen Schwefelwasser-
stoffs leicht an.

anlaufend

Unabhéngig vom Goldgehalt sind die
blassen, also mehr silberhaltigen Legie-
rungen besténdiger als die rétlichen,

; 0
" mehr kupferhaltigen Legierungen mit 0 100 200 300 400 500 600 700 800 900 1000
gleichem Feingehalt, da das Edelmetall Ag Cl
Silber neben dem Gold zur Bestandigkeit Gewichts-%o CU —
mit beitragt.
Fundamental Aspects of Materials Science and Engineering Technisch wissenschaftliche Grundlagen des Goldschmiedens, 110
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(1)
(2)
(3)

(4)
(5)

(6)
(7)
(8)
(9)

Control QUEStIOHS : See also aims of the
Give a definition for “phase”. lecture questions
What is an intermediate phase?

What physical variable is kept constant in most of the phase diagrams used in materials science?
Please explain why.

Explain stability and metastability.

Why is the metastable phase diagram for Fe used more frequently than the stable one?

Which two compounds/elements define the composition axis?

What is the triple point and in what type of phase diagrams can it be found?

How many phases can occur in a unary system?

What are the prerequisites for a solid solution?

Sketch a peritectic, eutectic and eutectoid reaction.

(10)What is the lever rule? Write down and explain the formula.

(11)Explain Vegard’s law. For what type of phase is it applicable?

(12)What is a tie line?

(13)What are the liquidus and the solidus line?

(14)What is a liquidus projection?

(15)Draw a Gibbs triangle and indicate a line of constant composition ration A/B=1.

Fundamental Aspects of Materials Science and Engineering Technisch wissenschaftliche Grundlagen des Goldschmiedens,
Prof. Dr.-Ing. Alfred Ludwig | Materials Discovery and Interfaces Teil 2 Werkstoffkunde der Edelmetallverarbeitung, Bielefelder Verlag, 2004
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Control questions Il

(1) Name all polymorphs of pure Fe and the respective crystal structures.

(2) How can temperature-dependent phase transformations be determined?
(3) Give three examples for binaries with complete miscibility.

(4) Name a practical application for the eutectic point in the Au-Si system.

(5) Give three examples for prominent metal-gas system.

(6) Why does solubility generally increase in solid solutions with temperature?
(7) What is a congruent melting point?

(8) Determine phase compositions in a ternary system

(9) Apply the phase rule for a ternary system.

(10) How many phases exist in the eutectic point of an isobaric ternary system?
(11) What is an isopleth?

(12) Explain isothermal and isopleth cuts in a ternary system

(13) Indicate solidus and solvus surfaces in a three-dimensional ternary phase diagram
(14) What is a tie triangle?

(15) For what can you use an Ellingham diagram?
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