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3 FOREWORD

A two day symposium on "Structural In termetallics - Perspectlives oin ScieVIce
rand Technology" was held at the Defence Metallurgical Research Laboratory,

Hyderabad, India on February 5 and 6, 1994, preceding the Annual General Meeting

of the Materials Research Society of India. The Symposium was organised by the

Metals Group of the Materials Research Society of India and co-sponsored by the

Asian Office of Aerospace Research and Development,' US Air Force. C.V.Sundaram,

Chairman, Metals Group of the Materials Research Society of India noted in his

introductory remarks that the progress towards the development of intermetallics to

application has been'exasperatingly' slow. Robert Calm of the University of Cambridge,

UK, in a keynote lecture provided a historical perspective on early research on 'weakly

ordered' alloys and examples of more recent work on 'strongly ordered' compounds.

The symposium featured ten overview talks. Dan Miracle of Air Force Wright

Laboratory addresscd both science-based issues and engineering concerns related to

the metallurgy of NiAl. He noted that NiAI could be significantly strengthened to the

levels of several superalloys and, in any case, possessed a variety of attractive

properties such as low density, high thermal conductivity and excellent environmental

resistance. Nevertheless, a reasonable combination of toughness and high temperature

strength continues to be an elusive goal. and the current approach emphasises design

methodologies which can use low touglhess materials with adequate factors of safety.

The alloy system presents large oppoitunities for research in fabrication (casting

technology), strengthening and deformation behaviour. Vinod Sikka presented the
status of Fe3Al and Ni 3Al from an applications engineering perspective with emphasis

on work at the Oak Ridge National Laboratory, USA. He stressed specially the

excellent corrosion and sulphidation resistance of the Fe 3 AI base alloys and their cost

benefits in relation to stainless steel. High temperature strength levels continue to
be of concern and strong environmental effects on ductility at room temperature have

been identified. It appears unlikely that Ni3Al base alloys will find aeroengine

applications, but their excellent carburisation resistance and high temperature

strength lend them to applications in heat treatment furnaces, automotive vehicles

and in manufacturing. Cost is a key concern in these applications. A summary of the

work on Ti3AI and Ti 2AINb base alloys at the Defence Metallurgical Research

Laboratory, with emphasis on the key issues that limit application, was provided by

Ashok Gogia. He described microstructural and compositional effects on primary

creep in some detail emphasising that this area has not received adequate attention



I
in the literature, although the najor contrilbution to creep strain arises from transient 3
behaviour. Other drawbacks relate to oxygen induced dynamic embrittlenment over

the range of application temperatures and poor burn resistance, a feature common to

all titanium alloys with the exception of TiAl. Patrick Martin from Rockwell Science

CentrP, USA described the current status on ±iAl. Successful engine ground tests at

General Electric of cast Ti-47AI-2Cr-Nb offer a positive outlook for application of an I
intermetallic alloy in rotating applications. His talk emphasised issues related to

thermomechanical processing of these alloys as they affect microstructure evolution i

and emphasised the need to refine the processing-microstructure-property envelope

in full scale ingot conversion and the development of low cost processing approaches

for potential automotive applications.

Work on molybdenum disilicide was covered in two presentations Dallis

Hardwick summarised the physical metallurgy of MoSi 2 and described in some detail

Rockwell Science Centre work on this material, while Sadananda from the Naval

Research Laboratory, USA concentrated on the effect of SiC particulates and whisker

composites with MoSi 2 on creep resistance. While composite microstructure can be

designed to provide creep resistance much superior to superalloys and approaching

ceramic-ceramic systems at temperatures greater than 10000C, it was clear that low

temperature toughness must be enhanced, perhaps utilising ductile phase toughening

or laminate design. Two approaches to the stability of intermetallics were described

by Raju from Indira Gandhi Centre for Atomic Research, India, and Ashok Singh from

the Defence Metallurgical Research Laboratory, India. Raju described the variety of I

semi-empirical approaches using alloy theory parameters and concluded with his own
work in developing a new structure map parameter which offers advantages over the

Pettifor scheme. Ashok Singh offered a description of a variety of thermodynamic

approaches including CVM to developing ground state structures in ordered hexagonal

systems. Tassaduq Khan of ONERA, France described the nature and substance of
European Community Schemes such as BRITE-EURAM, COST and CEASI as

related to intermetallic programmes and provided a summary of ONERA work on B2 3
alloys based oni the Ti-Al-Nb system and approaches to TiAI alloy development. I

A variety of contributed presentations from various research groups in India

covered work on phase transformations in TiAJ, Zr 3 AI and B2-DO 3 systems, powder
metallurgy and ingot approaches to processing Fe 3AIl and A13Ti alloys, the mechanical

behaviour of alloys of the Ti3 AI-Nb system and oxidation resistance ofTi3 Al alloys. A

domi nant metallurgical theme that einerged from the symposium was the dichotomy
that exists between high ternperature strengthi and low temlperatu re ductilityl in the

I
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5 intermetallics. Alloying and processing schemes that enhance the one, almost

inevitably do so at the expense of the other.I
A hard copy of the material presented in the overview talks is provided in two

volumes. The first covers the aluminides i:iAl, TiAl, Ni 3A], Fe 3A1 and T 3"01. The

second presents the material on European intermetallic activities, molybdenum

disilicide and its composites, the ground state structures and stability ofintermetallics.

March, 1994 1. Banerjee

Defence Metallurgical Research Laboratory
Hyderabad-500258, India

I
I
I
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PROGRAMME
Saturday, Feb 5

9.00 - 9.45 Intermetallics - The Fashionable and Unfashionable R.W.Cahn

University of Cambridge, U.K.

9.45 -10.15 Coffee

10.15 -11.00 Understanding and Applications of NiAI O.G.Mirac/e Air Force Wright
Laboratory, USA

11.00 - 11.45 Technology and Applications of Ni3AI-Based Materials V AK Sikka
Oakridge National Laboratory, USA

11.45 - 12.05 Development of Cold Rolling Texture in Ni3AI (B) R.K.Ray Indian
Institute of Technology, Kanpur, India

112.05 - 12.25 Recrystallisation of Ni3AI A.K.Jena Indian Institute of Technology,
Kanpur, India

12.25-1.15 Lunch

1.15-2.00 Promise versus Reality for High Temperature Applications ol Gamma TiAI
- A Perspective PL.Martfri Rockwell Science Centre, USA

2.00 - 2.20 Diffusional Composition Invariant and Coarsening Phase Transformations
in TiAI Base Alloys R V.Rammnu/am Bhabha Atomic Research Centre,
Bombay, India

2.20 - 2.40 Interlace Modification in two phase (y,-tc2) Titanium Aluminide by TernaryAdditions and their Deformation Behaviour S.R.Singh National
Metallurgical Laboratory, Jamshedpur, India

2.40-3.15 Tea

3.15 - 4.00 The Slabiliry of Intermetallics S.Ra/u Indira Gandhi Centre for Atomic
Research, Kalpakkam, India

4.00-4.45 Ground Slale Structures of Ordered Alloys S Lele J A.KSingh
Banaras Hindu University, Varanasi, India
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Sunday. Feb 6\

9.00 - 9.45 European Intermetallic Acivities - Contributfons from France T AKin
ONERA, France

3 P.A5-10.15 Coffee

10.15 - 11.00 Composites Based on Molybdenum Silicide: Progress and Prospects D.A.
iHardwick Rockwell Science Centre, USA

11.00 -11.45 Technology and Applications of Fe3AI-based materials VAK SIkka Oak
Ridge National Laboratory, USA

11." 12.05 Preparation and Processing of Fe3AI Strips through Ingot and P/M
processing S. Sgch1, S Suwas, S.Shargova, S.Sings! and X.K.Dubs
Indian Institute of Technology, Kanpur, India

12.05 - 12.25 Anti-phase boundaries in 92 and DO, Fe-Al-X (X=Cr, Mo) and DOOII Al-
li-Ni Inlermetallics U(,/'VlPrakash Defence Melallurgical Research
Laboratory, Hyderabad, India

12.25 - 12.45 Improvement in Mechanical Properties of Iron Aluminides Aruna Sahadur
National Metallurgical Laboratory, Jamshedpur, India

12.45- 2.00 Lunch

2., 2.45 T'Ne Meiciturgy of Ti3AI base alloys AA.i.ogis Uelence Metallurgical
Research Laboratory, Hyderabad, India

2.45 -3.05 Low Cycle Fatigue Behaviour of Ti-27AI-l5Nb P.N. Singh, BK.Singh,
C7.Rmachandra and VSingh Banaras Hindu University, Varanasi, India

3.05-3.25 High Temperature Oxidation of Ti3AI T.K.roR(y, lfasubramsn/sm and
A. Ghosh Indian Institute of Technology, Kanpur, India

3.25- 4.00 Tea

4.00 - 4.20 Morphological Features of T13AI Based Intermetallic Alloys Prepared by
Reaction Synthesis MA Sulata, S. Rharga vs and S. Sangal Indian Institute
of Technology, Kanpur, India

4.20-4.40 Phase Transformations in ZrAl Base Aloys R.lewad, G.KDoyand
P.Mukhopadhyay Bhabha Atomic Research Centre, Bombay, India
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BRITE - EURAM

TABLE 1: GENERAL CONDITIONS FOR PARTICIPATION

Type 1 Projects

(up to 90% of available budget)

Industrial Applied Research Size -10 Man-years minimum
-indicative Priority Themes -1 to 3 Mecu
-precompetitive and collaborative
-potential for exploitation Duration -2 to 4 years
-subsequent development expected

Partners -at least 2 independent

industrial enterprises
-at least 2 different
Member States

Type 2 Projects
(7% to 10% of available budget)

Focused Futdamental Research Size -10 Man-years minimum
-upstream of Type 1 0.4 to I Mecu
-indicative Priority Themes
-precompetitive and collaborative Duration -2 to 4 years
-industrial endorsement from

2 Member States Partners -at least 2 organisations
-at least 2 different
Member States

Co-ordinated Activity

Co-ordination of related research EC Funding-up to 100% coordination
costs

-within Technical Areas -not research costs
-in difierent Member States
-co-ordination activities only Partners -as appropriate
-proposers must justify activityI Calls -continuous

3.3



C£0ST
PRESENTING NEW PROPOSALS & JOINING PROJECTS 3

Flow Charts on Project Procedures I

CONTACTS
*Proposing a new project

Preparation phase

Individual Scientists or
Research Institutes or industry Council of the EC (GD DI)

have a proposal for a new project 170 rue de la Loi Charl. 9/47
B. 1048 Brussels
T61. 32 2 234.73.62 or 66.44

N Technical Committee of
New Project Group Joining a project as a memberfor approval - Project already under execution

I Individual Scientists or
Initiator of project with Research Institute or Industry

COST Secretariat II-
formulate de final MoU

S. Cost SecretariatCommittee of Senior Officials jreI

approves the MoU I

Project Management Committee
National Authoritiesj3

sign the MoU I]

I National Authority

New COST projectI

Joiing New member of a COST project

rojc 3.4 
V
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I Concerted European Action
* on Structural Intermetallics

(CEASI)I
The objectives of CEASI are:

* (i) To provide a framework by which a
coherent pre-competitive research

I programme can be carried out in the field
of structural intermetallic-based alloys.

* (ii) To ensure that there is a balance of
activity in the research programme across

I the whole discipline, so that European
intermetallics research goes ahead in a
well-balanced way.

(iii) To supply, process and circulate
I reference materials to participants.

(iv) To develop a fundamental
| understanding of alloying behaviour in

intermetallics so that alloy development
* and alloy processing is on a firm basis for
* future application to the manufacture of

components.
I

3.5



CEASI Project Management U
I

EEC Brussels

Industrial Advisory Board

Thien (Siemens) and Smarsly (MTU) Germany

Lasalmonie (SNECMA) and Brun (Turbomeca) France I
Regis (ENEL) Italy 3
Harkegard (ABB) and Harkegar (Sulzer) Switzerlanda -Kearns (IMI) and Ponts (Rolls-Royce) UK

Project Management Board I
Loretto (IRC Birmingham, UK)*
-Project coordinator I
Khan (ONERA, Paris, France)
Coordinator of processing and applications

Sauthoff (Max Planck Disseldorf, Germany) 3
Coordinator for property assessment

Plus seven elected members from CEASI 3

Participant groups

Alloy development

Material properties

Material Processing

Joining

3.6
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Background of MoSi2 DevelopmentI

I Early NACA reports, R. A. Long and W. A. Maxwell; 1950 - 1952

Hot pressed PM material; <100% dense

Oxygen, carbon and grain size effects quantified

Hot tensile, hot compression, tensile creep and oxidation

measured to at least 1300°C

I Thermal shock resistance (under stress) of turbine blade

shapes

I German work began in early 50's as well; Fitzer and students

which has continued to the present time

* Ductile phase (wire) composites with Ta and Nb

I ° Soviet reports beginning in mid 50's; Samsonov and

coworkers on transition element silicides

Thermophysical propertiesI
SiC whisker composites work began in mid 80's in US; Carter,

5 Gibbs, Petrovic (LANL)

Strength and toughness benefits

I

* 4•.3

I
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Assessed Mo-Si Phase Diagram i

Weight Percent SiliconI
10 20 30 40 50 60 70 80 90100

2M 7

2400 - "

24000 '.54

* *

* L

,. 2200- * " 2g0Co

2 00

130 G) % M)i

L 4 9o - •1 4 0 01f • L4 L4 'C(

140 207_ __ _ _(

0 tO 20 30 40 50 60 70 80 90 100

Mo Atomic Percent Silicon Si

Mo-Si Crystal Structure Data

Struktur-
Composition, Pearson Space bericht

Phase at% Si symbol group designation Prototype

(Mo) .................. 0 c12 Imrn3m A2 W
Mo3Si ................ 25 cP8 Pm3n A15 Cr 3Si
Mo'Si3 . . . . . . . . . . . . . . . 37.5 U38 J4/mcm D8. W5Si 2
oMoSi2 ............... 66.7 t16 14 /mmin Cll, MoSit
OM oSil ............... 66.7 ... C6,2 ......
(S) ................... 100 cF8 Fd3m A4 C (diamond)

I
I
I
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Accelerated Oxidation of MoSi2

I

2.5I

I
2.0 3

1.5 1
94

Co I
1.0 1

0.5

II
01

-o.5I I
0 50 100 150 200

Test time (I) I
Fig. 2-Cyclic oxidation of CERAC MoSi2 samples in dry air as a
function of temperature: (0l) 400 *C: (6i) 450 0C; (0) 500 *C;
(0) 550 *C; and (V) 600 *C.

I

Meschter, Met. Trans. 6 (1992) I

4.8
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Strength and Toughness of MoSi 2 Composites

500 3

400 1

3W ................... ...............

200 I

--0

1 O -- \''::' I

0 200 400 600 Boo 1000 1200 1400 1600

Temperoture (CC) s
- - c - . m o S i , +. . A]. . . l S s ic ( w ) +] v s s ;c ( . )

I
Table 1: Room Temperature Fracture Toughness Data 3

MoSi 2 + M'oSt2 +I MoS12  VLS SIC(w) VS sic(., )
MirPa-nl 5.32 8.20 6.59

(ksW-110) (4.84) (745) (599)

From: D. H. Carter, J. J. Petrovic, R. E. Itonnell and W.Scott Gibbs, "Sic - 3
MoSI2 Composites", Los Alamos National Laboratory, LA-11577-MS,

June 1geg.
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Ductile Phase Toughening by Crack Bridging
(Evans, Ashby, McMeeking, Mehrabian et al)3

0__ 0 .~

0 -0c. 0I
(0)2 . ) ýI

PROCESS ZONE 01

10 ~

TTO,

FINITE ELEMENT

SLIP-LINE FIELD

0 0.2 06 0.8I

4.263
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I

Nb Wire Reinforced MoSi 2

"• Hot pressed; =95% dense; 5 mm dia. wires; 50 vol%;

reaction zone =10jtm

"* Impact resistance increased 700% vs. unreinforced MoSi2  I

"* High Temperature Bend Strength*:

500 MPa @ 1200'C

200 MPa (a) 1300°C
"• Room Temperature Bend Strength**:

• Nb

× 10CMoje. 10" '1. N 2

,_J

U- -----

0.2 Q4 0.6 0,8 1,0 1.2 1., 1.6 1,8 2.0 2.1 2,2

DEFLECTION Imm)

Ref.: J. Schlichting, High Temp. - High Pressures, 10, (1978), 241.

"-ief.: E. Fitzer and W. Rernmele, Fifth International Conf. on Composite

Materials ICCM-V, (1985), 515.

4.28
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I
I
I

Parabolic Rate Constant for Growth of M5 Si3

in Contact with MoSi 2

I
I

1,2 

M Si 
eigene

(Mo0N1),S3  Ergebnisse

0,8 
IM- 

, . 0. °|

0,6-

01.4

• 0,2

0-

-0,2 (Mo,'W)Si A Fitzer und Matthias (1968)

5,0 5,2 5,4 5,6 5,8 6,0 6,2
10 4T-' 1K'IK

2000 1900 1800 1700 1600
TI'KI

I
I

Ref.: E. Fitzer and F. K. Schmidt, High Temp. - High Pressures,3, (1971) 445.
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I
!

* CTE Cracking in Brittle Matrix Composites

I radial r-cracks normal z-cracks
I

Fiber Matrix

Fiber

Q~®~=OMatrix

~ © j\r Cracks

I
* R= R(EmT/Km)2

R = reinforcement size

1 Km = matrix toughness

Em = matrix modulus

T= misfit strain = f(Aoc)

| •= critical size below which no cracking occurs

I
Lu, Evans, Hecht & Mehrabian, Acta Met 8 (1991)

I 4.33



I

CTE-induced Matrix Cracking I
I

Sde p e n d s o n

f= volume fraction of reinforcement I

= ratio of elastic moduli I
v = Poisson's ratio I

S= interface response (friction coefficient) I
I

Trends in cracking coefficent with volume fraction

10 z-aacks I
8--

" Bonded Interfaces

I- I I
E I

6-

w I

o

2 Debonding Interfaces

(Estimate) I
P=O. II I i I

0 0.2 0.4 0.6

Fiber Volume Fraction, f

I
4.134I
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I
I Creep Data for MOSi2

. tress,Ac.Eg, Rf

Material 
mp0 n .3 " Maul i

NOS i2 1200 42-130 3.5 - SueukietaI

MoSi2, UP 1200 35-70 2.8 - Bose

MoSi2, HIP 120(1 35-70 2.8 _ Bose

MoSi2 11 W)-1400 10-80 1.7,4.4 372 Ghosh et al

MoSi2 1100-1300 10-80 2 433 Sadananda et at
SMoSi2 

11 0-1370 20B80e

MoSi2, single crystal <210> 120W 70-170 2 Bose

MOSi2* 
1200 10-50 2.7 - Ghosheta

MoSi21200 
35-70 1.6 Bose1200)i2 35-7 1.6 Sadananda et al

(MO,W)Si2 1100-1400 2-200 2.4-3.6 536 s e

I MoSi 2+20v%SiCw, HP 1200 35-70 3.1 Bose

MoSi 2 +18v%SiCw, HIP 1200 35-100 3.1 - Bose

1200 100-250 3.1 _ Ghoshetal

MoSi 2+20vSiCw 
1100-1450 20-200 3.3, 5.2 596 Sadananda et al

(MO,W)Si 2+20v%SiCw 1100-1400 8-2A0 2, 4 - Ent!.....n ef ai

(Mo,W)Si 2+20vSiCw, 1175 30-50 3.2 557 Wiederhom et at

* (MO,W)Si2+20v%SiCw 1225 30-50 2.3 557 Wiedethom et at

120 0-W 2.5 _ Bose

MoSi 2+20v%SiCp, HIP 1200 50 .5- Bose

MoSi 2+20vSiCp+10Nbp,HIP 1200 65-120 35 Deve eB a

NloSi2 +20V%SiCp 1100 40-90 5 Deve et al

MoSi 2+20v%SiCPMo 1100 70-150 3 - Deve eta1

MoSi2 +20v%SiCP 1200 8-100 3.1 - hoshetal

XD MoSi2+30GvSiC 
1050-1300 35-300 3.5 430 Suzuki et al

MoSi io3Si 14p 1200-1300 100-280 3.5 - Patrick et al

mOSi 2+20vEr2MO 1200 100-310 3.5 Patrick et al

MoSi2+20v%MsOs7 3,HP 1200-1300 10-110 2.5,35 Mosan elaa

MoSi 2 _45v%Mo5SI3,DS 1100-1300 150-1000 4.5 300 Mosan et al

MoSi 2+5v%SiCp 1100-1200 20-180 1 460 Sadananda et al

MoSi 2+1OV%SiCP 1100-1200 20-250 1 460 Sadananfd et al

MoSi2+20v%SiC 
900-1200 15-450 1,4 460 Sadanandaetal

MoSi 2 +30v%SiCp 
1100-1200 35-300 3, 5,7 460 Sadananda et al

MoSi 2+40v%SiCP 
I000-1200 40-400 5 460 Sadananda et al

MoSi 2+5v%SiCP 
1050-1150 10-30 1 815 Wiederhom et al

MoSi 2 +10v%SiCp* 
1050-1150 10-30 3 575 Wiederhom et al

MoSi 2 +.20V%SiCP 1050-1150 10-30 5 894 Wiederhom et at

IMoSi2+30v%SiCp, 1150-1250 30-50 5 684 Wiederhom et al

MoSi 2+40v%SiCp* 1100-1200 30-50 5, 10 628 Wiederhom ea

1200-1400 20-250 2,5 460 Sadananda et al

MoSi2+lwt%C 1000-1400 20-300 3 460 Sadananda et al

1200-1400 20460 
Sadananda et al

MoSi2+2wt%C 
,1200 1400 20-250 3

MoSi 2+4wtCreep-""I * Tensile Creep Test

5.5
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6. Ordered Ground State Structures
I in HCP Alloys

A.K. Singh
Defence Metallurgical Research Laboratory,

and
Prof. S.Lele
Banaras Hindu University, India
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STRUCTURES ]HF HC¢P ALLOYS
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THERMODYNAMIC STABILITY
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STRUCTURES CONSIDERATIONS I
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GROUND STATE STRUCTURES

CONFIGURATION ENERGY

E = (1/2) q, W,

q,: number of jth neighbour A-B bonds
W. :2VI VI -VI = Interchange energy

i AB AA BB

For third neighbour interaction

E = (1/2) (qW1+q2W2 +q3W3)

E/W = (1/2) (q,+q 2vl+q 3v2)

where : v1 I =W 21WI and v2= W3/W1

6.3



DEtTAILS DIC t-tcP STRUCTUR I
-SPACE~ Cv~ouiR P 63/-M~vie-

-ATOMic POSMTONS

C:OoRIDINAT(oN NV~rv3Ef & C

-IDEAL AND (40N- rDUAL AXIAL RA-Tio

(QEtqEAL. AS-SUMPT(ONS

-RINAIRY ALLby

*N-oN - I-DEAL A)4(AL gA7(O

PAt~(RS-E -rNT7&/CTIONS (JPTo TH~lD t-&E(4*HeOL0

E NERGýY IS F1/NC-T(ON 01P PA(l W StI-ERCT~,

V1 B., AT(ONAL AND sizE ETFFECT& ARE IC.4No(?CD

VAC-AMt ctTE-r AREF NOT ALLOWED

6.4
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SULfTTILe DIVI-SfON ME~THOD

ATOMIC SIT9S OP NCP STPROCT(JRF CAN SE PlVi!'3D I
INTO al 0, 1o 1I, 2.0, L41 AND 20B SUI3LtTT(CCAý-

StillLA-TTIC.e(t LAYER

- ??ULATE LWYERS : ALL PosS.II3LG A 2 B ATOM'S

.-T RVcTURi;S :sTPCAckNC4 or~ LAY ft$ U
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CLUSTER METHOD
I 6

A

- MOTIF
/ 44

- CLUSTER

I WEIGHT 5 L------ u4

3
- ENERGY: Linear function of cluster concentration

I m*MINIMISATION OF ENERGY: Linear programming
method (Two cluster solution)

-4 Realisation of solution on hcp atomic sites in a
consistent manner

RESULT : 9 structures

A5B, A3B(3), A2B, AB(4)

- LIMITATIONS

6.15
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WI <0

V1 •2v2  A + A311 AJ 2

V,24GO I..
vl AMv A!5 ... 1"0 ; V2 0 _/2 A---•- A58 A- B3 A 13

v1* 2v2  A5

v, 2V2 >2 >Z A 6 JA

v2 1 1/2 A A58 A B 3

V I / A - AsB A5 -" A281 A2 I' A o 1

V2 ;P /

vI il A-.--A58 A20 -I- A 3

val• 112.. .

v,<. 2v 2  A -*-A 5 E
2VI 1% v2

O v1 A..A% I 3 A58

2v2 ;Pvl A- I2

1/6 1/. 1/3 1/2

('OMP(JII ION (Cl

Fig. 7. Different structures oblaincd by cluster method as a

I
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I

W, <I
I

W1 < C / I
0C1/6 1 - A"--" A5 B I

I

-1,o0 1o0 Vo I

A+ A3 B1  3
-1_0_ __I

Fig. 3. Stability regions of structurcs obtained by clustcr I
method as a function or intcrchangc energy ratios v,' and v,
for IIV, < 0 and 0 < C •< 1'6. Arrows indicatc stable solid
solution at intcrn,:diate composition while thc plus sign

corrcsponds to a miscibility gap.

I
I
I
I
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CONFIGURATION POLYHEDRON
METHOD

* MOTIF

* + Structural inequalities:
half space (rl, r 2, r3, C)

- Convex polyhedron: Configuration polyhedron

* Realisation of solution on hcp atomic sites in a consistent

manner

*, RESULTS

* 15 structures

* Series of long period A1'B modulated
superstructures with stoichiometries A n+31B,,+1

- Entire surface of the configuration polyhedron
corresponds to ground state structures

• + LIMITATIONS

6
A i 2 2

/ 4

5/' 4 I

5 -- --- -- U44

3

3
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CONPUWILt)A-TiON PO)L\Y-DR.ON M~'EýTHOD

E-W vi, =( c - + ( c )u + S C - ~)~ LU

&T!RUC-TLJRAL rtF67VAL1-TjgC' (M= 14)

EFACf4 (NEQIJALI-TY REPIESINT-S A H#~i:',-#PAcE GoviNLDEp~y
A (4YPERLAWE oq WV(CH -THE MIERVJACITY( BroMIS

ECVAL I-T'(
* SOLUTION -T E FN£ UAP.~U OM 11f E r

APiRE SELECTED AN.D 'TP.cA'TE~) EQVAL,-TY

POSS ~(j R1(-(--L-VTION Oo66.S NUT- Ex(ST

(%%)ASO LLuT(oN EXj&-r& BU DOES NOT SATI,&C-Y omr

A &OLUTION Sec(s.Ts THAT AsFS
RE-MAIN(NC4 'IN'EQUAL1T(F

0111 CAr-- ,, 
TOf~0"DS7 A V~k7Tc OV

"LNP1 C,.PA-TIoN, POLyý t4F E of

?.EALSA-Tj~tq 
OP -,,TRVCTVaP o"~ (+Cf A-tOMtL

?,G&V L7

L~~~~ (M-r ( r- 0t45 Q -riIOAL &-TR LIAT( "
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A 2 8 A2 B4

-- TA2 B (V)

3 2
A2 B A2 B

A3 B2 (V)

A2 B

A7 "k,.

A2 B 2A E

(b)

A5 8,AIsW Au 4 Zr 3
C u 3 Sn

141

A Cu10 Sb3  AB,

(C)

2D planar surface of configuration polyhcdron obtaincd by intcrsection of h.pcrplancs (a) 4 and

5, (h) 5 and 9 and (c) I and 2.
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MULTI-ATOM INTERACTION
METHOD

* CLUSTER METHOD

* MOTIF [Tetrahedron]

* Multi-atoin interaction parameters
[4 body force]

* Look for ininimum number of variables

* MINIMISE ENERGY IN PARAMETER SPACE

4 RESULTS

A313, A213, AB, AB2 and AB 3

6.24



Table 1. l'osible cluster conligurafions on Ihe molif (lig. I) alld lhcir
energies.

cluster cluster weight conip~sit- first second cluster energy
type configu- of the ion of • eigh- neigh-

rinlion/ cluster 1he bour bour
sites ' cluster unlike unlike
occu,)ied pairs pairs
bhyB
aloilllS

WI c1  E

0 U. 0 1) 0

1 1 3 1/4 2 1 3/2W(1I +)

2 4 1 1/4 U 3 3/2W(I+P)

3 1,2. 3 1/2 2 2 2W

4 .1,4 3 1/2 2 2 2W

5 1,2,3 1 3/4 0 3 3/2W( I +y)

6 1,2,4 3 3/4 2 1 3/2W(1+6)

7 1,2,3,4 1 1 0 0 )

1*

I

2. .,
6.: 5



I
Tablc 3. Crystallographic ul;aus fror ih1e sit uclures Ilificotl h1) Ihe ground sltlla ordercd h.c.p.

alloys.
a Illice vector in 1

unils of a,, and c,, Subhlafice
l'casorl t..ypc occupied

Phase Spacc group symbol It c Ml/K by B :toms I
A%,It(lJ I''?¾t; Ih , ?I 2 1110 I I IN)l (, I

A 511(l ) nni m ( (mnnim) ol'12 [TIO] [3•0] [UM1] 12 1,9
I, 2

AsB(1Ii) Pm mP12 [T20] [220] [00'] 12 1,9
C.; 3

A311' P6 3 /mmc hlI'8 [2001 L0201 LOOIJ 8 1.5

Dh 3 u
A311 2(I1 C2nm (Amn2) o('16 [4201 [020] [001] 8 1.6

CV 3

A.11 2(lI(1) Pm iuP9 [1IO] [220] L001] 8 1,5
C1 2

AsIl1 111)111 l011,111) o V2101 '0201 LM I] H 136D21.1I 3
A111' P62m hi'6 (2101 1.110] [WII] 6 1,2

I)D..,, 2-

A 21B2  Cumm(Cmcm) oC12 [120] [30X)] [001] 6 1,4
2h2

A2 BI(I) Pn21m(t mn21 ) o1'12 [110] [330] [001] 12 1,2,9,10
2v 2

A 2 B3 (11) Ccmm(Cmcm) oCI2 [330] [L11] [001] 12 1,4,9,12
Do7 3 3

ANB'(I) Pnmm(Pmmn) oWiI2 [TIO] [330] [001] 12 1,3,5,1
131 2

A,1(1J) P"m !01112 1120] [221)] [OI] 12 1,3.9, I'
C.' 3

ABsI' Pin mPI4 [310] [230] [001] 14 I,4,3,5.11
C, 3 3

A7.115s IPi ituI12 l120)] [220)] [(M)1] 12 ,2,4,9,12c,, 3

All' I'tm2 hi'2 I I(XII 1olol I(8)l] 8 1,2,3,'1
I) 3h 3

All 2  I'cmnm (l'minal o., 1 121011 [10111] [MI)1] 8 1,2, 5,6
I •,, 3 I

AllP I'mnn1 (mi'' el'4 [211)1 lllO] L001 I I 8 1,2,7,8
3

A11 4'nan ( ln;t0 oI'K 11101 I 220J [0O1] 8 I, 2,6j 7
I)D,;: 2

All 5  lcamIl'bcm) ol'8 [IIW] [2201] [11 8 1,225.8

6.26
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I

S~I

I
I

STABILITY OF EXPERIMENTALLY I
OBSERVED HCP SUPERSTRUCTURES

A3Bl: Ni 3 Sn, Mg 3Cd, Ti3 A1 WI< 0, vI > -1, v 2 < 0

k2B 2: Pt 2Ta WI< 0, 0 < vI < 1, v2 < 0, vI - v 2 >0 0

AB': WC, LiRh Wi< 0, vI > - 1, v 2 > 1/2 I
AB 2: MgCd W1< 0, vI > -1, v2 < 0

A5B + A3B3: Au 4Zr WI< 0, vI> I, 0 < v 2 < 1

A3Bl+A3 3:cu 3 Sn W I < 0, v I>0,v2 = 0

A +AB + A.3 B' + AB 3: CuoSb, W,<.0, v, > 0, v 2 > 0

I
I
II

6.30 3
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STRUCTURAL
STABIL ITY

FIRST PRINCIPLES EMPIRICAL

APPROACH SCHEMES

UNDERSTANDING PREDICTION

ALLOYING

Tm'EOR.Y/MOPEL FOR 8TRUCTURAL

CoHESiON o•mymsT ATnCS

7.5



SEMlEMPIRICAL METHODSU

E stablish the trend Wsing
a.ppro pri ate a110YtTheory P~arafe~ers

*Setup' a microscoplic model in +erms

4~ these pciramsters.

* Pseudo potential &Togt bin~ins meVWAS

* Pir potenfial analysis (tachlitn)

*Macroscopic Atom model
(IMeaema)

* nferstitial elecirort clenslirt
MOdel (SC~rwbeirt, Johnson)3

7.63



PAIR POTENTIALS

E= Y/2( . (,Ri)

Absence of volume dependence

OrderinB Ener 3y' may be representeE

E= (9)/ Y2.4(R

Volume dependence
(Strucdr4I ferm)

EMBEDDED ATOM MODEL

7.7



II

IAMIEDIEMA'5 MODEL I
I

ALLOY - ASSEMBLY OF
HEUTRAL W-5 CELLS U

PARAMETERS: I
• electron density (Y? ;
* Chemical poten-ial aue •o I

electronic chorpe (fw)

* Molar volume 3

0 YI
~0

I
U

I
7.8 3
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= Nao-aF cL 1A , etier~v o electrn~

U, SH(k)ct-E. E - N4I

- l(d O NA) Ni, FP IE- P LL

W& idgi 4 cL-ban4

Nd.: No.f Ct-IcdroVnsI

6sr an~ A~ .. allerI

9F A

As

-~ i (t0-i;)) t WA NA (10-11A) i WC (~1I)3

Y A40 40

11A 01012

PE TI ViOR S
MODEL
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Ty'Fpically %I~t 40 the maleral eentisks IA

I Iromw Ststem&&tzation studies ?

I * Under What conaitions do two Cementeis A
Combine and it so

Do the,( form comp~ounds or Solid I quita Solotions?

More Specif~ically ther took For

IYlornber oF' compounds * E~tent of 60lid so6lildr

Cr~stal Siruc+ure infortaton. % lype of solid Solubilitr

IStablldV ot compounds isomorphous
(Polmarpic kO~artronlbat, u~ttcic
(~olrftrp~i to~iv tnitir~.peritactic k a WEsICohesive energyr, LoAice Stabiliff OF oltiers

Paramneters Cec.)

It E they are insolubtt then '016 ?

* basically,. these Qorote H tig p ato incorin&Iion. w~hich

Iogtther forrA a1 Comptcher's-ve pbiyaicot Attallurs!"I

I dcto' base. ýAo aovb~f or't COn %k 0t f oitr roptit~iS lIkt

% ~errnoaynarftic

-eleclorica, ranatfhtc

I - transpott proptrkItS

U b~t in MIv opin~ion thp3 do int ForM & SiMplt lkM~Ml

7.13



CR CP.flAL APPRAISAL

*In 'is core the model is empiri cal.

*Subge efecls like manugnIc con~trbiiation bo MsabdfY I
i5 neglecte4 I

*Allot~s with~ st, Ge *itc ame nod -saisfactoerilt ftprssnie

*Ths P~Vlsics OIý Allo~nq as 0avancea 6y this3 Modle

1.3 Shifct.f in~correct , althou~h Lts navn&Icl a3reement~

10I4*i ?rcs first principle calculationlsi Si5brprismfl5' o

*APPLICATIONS

Lyirlapolcdion/ Tn~erpolaiion for lmt~a ý H; nt bank.I

*Calculat1ion o ý inrderfacial energies

?M4rwC.didion. J glass Formvation Mn~es

A Assessin3  th relakive S~abiijyt< r as

*5 Anayn 3  solid -Solubilidr dactt

X( USE OF BASIC COORDIIIATES Tb CR.VSIAL

sIRUCTRuE &SYTSM~ATICS

7. 14



An algorithm to Senerte probable
StrvcdurGI AInfffatiV6e

0 Structure maps
a Simple PhhenamtnaoogscQ coarrtions

6 • A truly first prijcpl.s appresck js
a n.u Starter býy 'aelf

. EIMect o1 VcdriouS Qppro~imatiols on the outt p
I

I l•;;er a UNIVERSAL fIHEORY ?1•I0

ISIMPLE METAL TRANSITION

ALLOYS METAL ALLOYS

i . Patiado po.I,•tial . T,*kt bindI 
'LtATO(ASA)

I YA@tP,IITtI $

I D F T (LDA); 7
ASW

i 7.15
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STABILITYu

F= J3~1 inZ z
* Tr [exp (1W

Z Paritifon Function

II: q~ (iround Sit~e) enery' ývnchoit

H. 2 e t Hi-i, + Hil

H: E kt E p(Scdwoedin3er equate'%. I
Virial theoremw I

7. 161



I

I SIMPLE METAL A'LtYLO.'1
I
I

I

METAL SCREENED . PELOCALIZED
ION CORE CONDUCTION

ELECTRONS

A
AH^

volume/elecr•ra ' elecdron density

7.17



dE I

Fo at Stwdvr te kenaln contesibu K

(Perndn Zn 2.21 0o3 Is C t . 11u5  j . 01Jt fpsori{

4/1

CK 1-7)2 (Fcc)

AF AE 7TASmnix
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TtK prcs#tt Siu4t a~trn1 s to devise a Sin-nis

Coorclinate Sil-,d~Ure I'M dp.

(Why one p arameer?

p.o'idair AAI.&A has one namelyoO Zh1?'1

5S ;ýPOS5ible IVY 3ut* Pwvidan3 on a 'din p 0*d,

*o corI-eI 4y acc~uir, for the bcnaiif'. twanL.

Sec~o,,dL& iVi Possible 60 0ubn

Aus Jos - 011" Faa.ie

Ot e\e4dXafkS

WAS

+ ~ ~ ork VonctioflnI6,~~
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SAs A STRUCTURE MAP PARA4101-1

*Pteci~ctidn of Solidi Solubili'fr

*Prediction oF cornpounj formatioi

* AB Sirtjcurv +ype Sartin5

*The ratlge OF is increased byr art itcizilly

Airin~lnj ii in -the decreas~nj order.

Ce : i (ac*LO;ae omitted)

* Predi cis rtw'Ouably soliA solutiont exclosion

Ond compovnd F6mati0)e p *clusiefl zot6.

* Sowi All s~rvcAim iYpe O"fl &S 210# &S

aniy op12w sinsle uaordtinea -a~p,

7.20



*The V 'ARIATION FOR N'ANSI1'IN METAL

PERIODS IS tZ ATM ER IRREGULAR

S5c ri v (,r Wn F CO

Y Z, HJb M6 fc

I. Hf(a W R e

* Also t4)m it al darp 'in Y\ In Soin,3 6rort IA-~~i

it. U~ Be - ha-OM3 et~c

& - is' 25'- 7 1

* ?( does n~o+ a~peqv to be a Smooth Funce.*n Of Z

* ~ Elec-tronega~ivhf?

inenetgy paraivnt~tr clorct-l of fhe

ConclAejSac S~ae, "o t th2 tmna sta's

.it M-a? not therefore. obe" h Lrei~ ~ds Of

-au A-tarnic. c-o"0d-nfe.
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thecn the high ckl~roncijaliie delfiwlto ani +Ic3

e~tdre"I r~isd has no opti.,n cHW thtan

Covalent banud.

Low )( Values oF fmcfeds t~noikals thai el c cxon

re,1istbbldion is lather~ easy' open lomo polar

bond foniia~on. Lur electroncrlili CiaUSIts thaI

kr A1ns~ knd cielacattzoi6 on of ahvramic Yatlunct S611.

in to conflctcion bind is ~ . en-gY in-e~xpensive

gJ~6  BC

* POS1TION' OF H2. Vr9U'reS resho . linS ?
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kULEVANCE OF W~r, PERIODIC IABLE

\ eCrtQs9.- clokn the 3roup1 (Save For Sti-Ge)

for S, p elemenits

1% 1 4 SVd v, : Is SeI £et~l ch~ ~~vr'

' incredsed "CdlloCaizlfo

vau tncecs crnedasic

4'in 4lis *rtn~ A s 9 l-fPcaCtd.

Slight upward S~~in Sit4 GO

qj . ? i AJern~i - 110

VaInCS b And P. As -a Rt ~SA tliv-m Is

Sccftjkn~cviftf(.

* Com~pared i, sj, 6c, Vv,, &. 6ewer S~apJ~ (ctnid high
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PR~ELIMI14ARY CONCLUSIONS ASCO0 7

* For S, p elemetits, the mnetallic $&I,$ Ivilmncs Orbiffa/j

* 'tI&L4n a I&#,#q portion dJ akioni o chwA4PZ

Ond themreu,r ý xi~s 3 ixtnd , eokcicuidtj

whan ?tiQrnhc ehcdronela/tnfr

*fhe. more the, 's' orbL; t'ds OrTýn LWlrd/tft

bond-,;m, +hs haptr a 1tX.{~;I

.%ldnce. "(- X L e etc~

IN >
*fl-ansitiofL Nea4Is &kbd61  a. low. YCZ6 sr

besch~ hao~ /Iotj themaseltres.

*Rare e- 'rihs ?end +o group1 'njl tIiU

4- rtnsit~on mcfiatal thus unifyinj tile

leneClkl wmfaltla 6Yh al .(k~se 0  p. Nois, the

Pres~ft ~nf 8? at tidtC table t-flA to

______ 414 +A tAfe Ls,I

Le -4Imr4 litf Mt~ he5

La,- if- ra-L w - ~t.
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I BASIC STEPS
I CELL PREPARATIO14

* A YVA > Y

U~w v> AŽ~

J,.7 27Ž



CHARGE TRANSFER STEP 3

( A

A4  I

THIS IS ATTRACTIVE As CkARGE I
VRhNSFER, MOREN BY CoMRICAL POIENTMAL 3
G KAo tENT.(A

ELECTRO CIEMICAL FACTOR. ,

1T i A COULD BE BASIC ALLOr THEORY

I

PAAwKeEiE-s.

BESIDES TRUEY( ARE COtJNECtED To i

"1A

V7.21



II
I ELECTRON DENSIT7Y

9or (V['t

I 3 3

s-- "7/a.2
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*Z Cannot be solved exactly in 3-D

* -IiS a composite term, *a4in enAct
calculations crt impossible

*Approximations at this very basic level

*fldiabatic sPPr.Eximatis*

*one eleciron approximaiiofl

.SelI cons161141t frearCrIM.S OF~ t-

(Verious 6anA stmchirt rtodclS. FT. Pfr)

EMA, MoleculAr dynamics, clusfer coilcokcifiou)

*i'ncarjoratiOn 01 temnperature StlectsI

*ia.oniQ qusi harmonic mnodels

*ill aaecluate potetrysil at lower T resine3

*CatculationAl accuracYL 1

4 lev ffk19 ao
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I *1 I

REQUIRED INPUT

.Set of Zi

eq in. spacinj (Veggtj Law:en6Lazw)
'Core ShZ, I•adUI9 (ConA~titt

: OUTPUT

FORMATION 6N0HALPY.I" ELE CTRONE GATIVITY1

BULV MODULUS C?)
SFE, APBE (?)

ORPERING ENERGY

VALIDITY

ONLY 3, p ALLOYS

ATTRACTION

SIdMPLE, ALLOWS EASY BREAK UL

7.31



II
INPUT I

S•i, TLi (-.A, B); WA,, )

SIMPLE; I
NO STRUCTURE DEPENDENCE 3

K ABSENCE OF REPULSION FERN

BUT EXPERIMENTAL AGREEMENT

GooD? I

Hovw to tncorporate structure? I

,STR•ATEGY

(i} N(E) -W density of1 slaes, structure
sensitive.

I
kii) FORCE THEOREM I

I
7.32 3

I
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Consider C Covaden SF5/ tnera

I2 A ~eiralieraI Sc JL

Sn - W~vitc tin , SC, i~inajonal lowti

Pb - Fc.c, -nukaI, 1owug

grhr AL Vi P O z (Ap~

Go Ge As Y%6e 4 ý6

fn Sri SO + ')( Sb

Al P
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CONCLUSION # II

T The direct method is seldom

transparent: and transFerable

Shbut
I it o~ere io validate or otherwise

* a: Su.ccessfI empirical correlation
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