3 379
ﬁl\lhl\\lﬂl\\\l\l\\\\ll\\\\\\lhi\|\|\|||

PERSPECTIVES ON SCIENCE AND TECHNOLOGY

February 5 ¢r 6, 1994

" DEFENCE METALLURGICAL RESEARCH LABORATORY
HYDERABAD

, WYL e T mDIA

: s Ay t = -

Ry R "' 1 ., Sy

) tﬂ‘h&" LR, Y rd :-¥' . ' P- :.::

= Vol II

Metals Group,
MATERIALS RESEARCH SOCIETY OF INDIA

ASIAN OFFICE OF AEROSPACE RESEARCH & DEVELOPMENT
US Air Force

Bad o PEEE,
- e————

ene o besn - ¥
for buc xt &i3a and pprar '
dw-munnr e unl mired ™ 10

T e e,

- —

This thme .

-




Best
Available

Copy



3

DISCLAIMER NOTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF _
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




!

STRUCTURAIL INTERMIETAILILICS

PERSPECTIVES ON SCIENCE AND TECHNOLOGY

February 5 ¢r ¢, 1994

DEFENCE METALLURGICAL RESEARCH LABORATORY
HYDERABAD

INDIA Accesion For \
NTIS CRA&| N
DTIC TAB ]
Unannouiced O
Justitication

PR S

VOI- II Diztributio~

Bye o ot

— - -

Dt

Metals Group, ﬁ") :
MATERIALS RESEARCH SOCIETY OF INDIA

!
ol

ASIAN OFFICE OF AEROSPACE RESEARCH & DEVELOPMENT

C\‘*@%94-
(i Uﬂ’lﬂl”ﬂl”l!l:lIIHﬂl

)

94 8 11 o053




’------‘----]l

CONTENTS

Voi. 12

FOREWORD

PROGRAMME

European Intermetallics Activities and Contribution
from France

T.Khan and S.Naka

ONERA, France

Microstructure, Processing and Properties of MoSi,
D.A. Hardwick
Rockwell Science Centre, USA

Effect of Microstructure on the Creep of Molybdenum
Disilicides and their Composites

K. Sadananda and R. Feng

Naval Research Laboratory, USA

Ordered Ground State Structures in HCP Alloys
A.K. Singh
Defence Metallurgical Research Laboratory, India

and
Prof. S.Lele
Banaras Hindu University, India

Stability
S. Raju, E.Mohandas and V.S.Raghunathan
Indira Gandhi Centre for Atomic Research, India




FOREWORD

A two day symposium on "Structural Intermetallics - Perspectives on Science
and 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
applicationhasbeen 'exasperatingly'slow. Robert Cahnofthe University of Cambridge,
UK, inakeynote 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 NiAl could be significantly strengthened to the
levels of several superalloys and, in any case, possessed a variety of attractive
propertiessuch aslow density, high therimal conductivity and excellent environmental
resistance. Nevertheless, areasonable combination of toughness and high temperature
strength continues to be an elusive goal. and the current approach emphasises design
methodologies which can use low toughness 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 FegAl and NigAl from anapplications engineering perspective with emphasis
on work at the Oak Ridge National Laboratory, USA. He stressed specially the
excellent corrosion and sulphidation resistance of the FejAl 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 NigAl base alloys will find aercengine
applications, but their excellent carburisation resistance and high temperature
strength lend them to applications in heat treatment furnaces, automotive vehicles
and in manufacturing. Costisa key concernin these applications. A summary of the
work on TizAl and TiyAlNDb 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




in the literature, although the major contribution to creep strain arises from transient
behaviour. Other drawbacks relate to oxygen induced dynamic embrittlement 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
Centre, USA described the current status on }‘iAJ. Successful engine ground tests at
General Electric of cast Ti-47Al-2Cr-Nb offer a positive outlook for application of an
intermetallic alloy in rotating applications. His talk emphasised issues related to
thermomechanical processing of these alloys as they affect microstructure evolution
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, and described in some detail
Rockwell Science Centre work on this material, while Sadananda from the Naval
Research Laboratory, JSA concentrated on the effect of SiC particulates and whisker
composites with MoSi, 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 1000°C, 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
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
approachesincluding CVM to developing ground state structuresinordered 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
alloys based on the Ti-Al-Nb system and approaches to TiAl alloy development.

A variely of contributed presentations from various research groups in India
covered work on phase transformations in TiAl, Zr,Al and B2-DO, systems, powder
melallurgy and ingot approaches to processing IFesAland Al4Ti alloys, the mechanical
behaviour of alloys of the TizAl-Nb system and oxidation resistance of TigAl alloys. A
dominant metallurgical theme that emerged from the symposium was the dichotomy

that exists between high temperature strength and low temperature ductitity in the




intermeltallics. Alloying and processing schemes that enhance the one, almost

inevitably do so at the expense of the other.

A hard copy of the material presented in the overview talks is provided in two
volumes. The first covers the aluminides : NiAl, TiAl, NijAl, FejAl and TigAl. The
second presents the material on European intermetallic activitics, molybdenum
disilicide andits composites, the ground state structures and stability of intermetallics.

March, 1994 .
D. Banerjee
Defence Metallurﬂical Research Laboratory
yderabad-500258, 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 h
-precompetitive and collaborative '
-potential for exploitation Duration -2 to 4 years

-subsequant 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 Furdamental Research Size -10 Man-years minimum
-upstream of Type 1 0.4 to 1 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 activity
B Calls -continuous
3.3




COST

PRESENTING NEW PROPOSALS & JOINING PROJECTS

Flow Charts on Project Procedures

* Proposing a new project
Preparation phase

Individual Scientists or
Research Institutes or industry
have a proposal for a new project

CONTACTS

I

T retari

Council of the EC (GD D1)
170 rue de la Loi Charl. 9/47
B. 1048 Brussels

Tél. 32 2 234.73.62 or 66.44

Technical Committee of
New Project Group
for approval

* Joining a project as a member

Project already under execution

Initiator of project with
COST Secretariat
formulate de final MoU

Individual Scientists or
Research Institute or Industry

Committee of Senior Officials
approves the MoU

Cost Secretariat

National Authorities
sign the MoU

Project Management Committee

New COST project |

National Authority

NVZ
0\

project

New member of a COST project

V
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Concerted European Action
on Structural Intermetallics
(CEASI)

The objectives of CEASI are:

(i) To provide a framework by which a
coherent pre-competitive research
programme can be carried out in the field
of structural intermetallic-based alloys.

(i) To ensure that there is a balance of
activity in the research programme across
the whole discipline, so that European
intermetallics research goes ahead in a
well-balanced way.

(iii)  To supply, process and circulate
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.




CEASI Project Management

EEC Brussels

Industrial Advisory Board

Thien (Siemens) and Smarsly (MTU) Germany

Lasalmonie (SNECMA) and Brunf(Tu‘r,bomeca) France -

Regis (ENEL) Italy
Harkegard (ABB) and Harkegar (Sulzer) Switzerland
Keams (IMI) and Postc ns (Rolls-Royce) UK

- Project Management Board

Loretto (IRC Birmingham, UK)
- Project coordinator

o Khan (ONERA, Paris, France)
Coordinator of processing and applications

Sauthoff (Max Planck Diisseldorf, Genﬁany)
Coordinator for property assessment

 Plus seven elected members from CEASI

Participant groups

Alloy development
Material properties

Material Processing

Joining
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Background of MoSi, Development

« 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
Thermal shock resistance (under stress) of turbine blade
shapes

- 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

- Soviet reports beginning in mid 50’s; Samsonov and
coworkers on transition element silicides
Thermophysical properties

. SiC whisker composites work began in mid 80’s in US; Carter,

Gibbs, Petrovic (LANL)
Strength and toughness benefits

Loz Alainos




Assessed Mo-Si Phase Diagram

Weight Percent Silicon
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Mo-Si Crystal Structure Data

Struktur-
Composition, Pearson Space bericht
Phase at.% Si symbol group designation Prototype
[ 1) 0 cl2 Imim A2 w
MoySi ...t 25 cP8 Pm3n AlS Cr;Si
MosSiy ..... [ 375 u3s 14/mem Ds8,. W,Sti,
aMoSiy ...l 66.7 ue6 I4/mmm C11, MoSi,
BMoSiy ...l 66.7 C6,2
(511 100 cF8 Fd3m A4 C (diamond)
4.4
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Accelerated Oxidation of MoSi-

25 ] ] I

Mass gain (mg cm™2)

o 50 100 150 200
Test time (h)

Fig. 2—Cyclic oxidation of CERAC MoSi, samples in dry air as a
function of temperature: (J) 400 °C; (A) 450 °C; (O) 500 °C;
(©) 550 °C; and (V) 600 °C.

Meschter, Met. Trans. 6 (1992)
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Microstructure of MoSi, deformed at 10-*sec-’

1300°C; ¢, = 0.15

1250°C; ¢_ = 0.087

Science Center

’l‘ Rockwell International
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Strength and Toughness of MoSi, Composiles

500

400

S 300
o
£
o
]
5 200
[74]
100
8 \\t]
0 1 ] 1 | Il 1 . Q\\m
0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)
-—€¥—  MoSi, R i R + WS SiC(w) —Mm—  + VS SiC(w)
Table I: Room Temperature Fracture Toughness Data
hlosiz + MOSiz +
MoSi, VLS SiC(w) VS SiC(w)
MPa-m! 5.32 8.20 6.59
(ksi-ial) (4.84) (7.45) (5.99)

From: D. H. Carler, J. J. Petrovic, R. E. Honnell and W.Scolt Gibbs, “Sic -
MoSi, Composites”, Los Alamos National Laboratory, LA-11577-MS,

June 1989.
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Ductile Phase Toughening by Crack Bridging
(Evans, Ashby, McMeeking, Mehrabian et al)
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Nb Wire Reinforced MoSi2

Hot pressed; =95% dense; 5 mm dia. wires; 50 vol%;
reaction zone =10um

Impact resistance increased 700% vs. unreinforced MoSi,

High Temperature Bend Strength*:
500 MPa @ 1200°C
200 MPa @ 1300°C

Room Temperature Bend Strength**:

7%— McS 2 M 1(7'5'/, HOGG,\-H”‘\ Lo v’/o Nb

HoS-‘J 0, P‘.OGe:wlh 23/ Nb

_MoSi with 23776 N3

/ HeS': .
10"'-s.MoGe;

FLEXURAL STRENGTH(ER|

{ | 1

' ! 1 1 1 1 ] | J
02 0t 06 08 10 12 14 16 18 20 2v 22
DEFLECTION  |mm]

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

*+ Ref.: E. Filzer and W. Remmele, Fifth: International Conf. on Composite

Materials ICCM-V, (1985), 515.
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Parabolic Rate Constant for Growth of M58i3

in Contact with MoSi2

1,2
1,0 Mo,Si, ]cigene

-(Mo, Nb),Si, Ergebnisse
0,8 4

0.6 - \

04 -

/

0,2 1

lgK |pm min~ "]

(Mo, Ta),Si,
024 Mo, w),sSi, [ Fitzer und Matthias (1968)

oy

50 52 54 56 58 60 6,2
10°T°" (K™'] —e

S
-

2000 1900 1800 1700 1600
T [°K)

Rel.: E. Fitzer and F. K. Schmidt, High Temp. - High Pressures, 3, (1971) 445.
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CTE Cracking in Brittle Matrix Composites

radial r-cracks normal z-cracks
Fiber Matrix
® ® @—frwer ?
@ @ ’-Malrix ] ‘ é
=@ /@——@ gwwi
® &) (- Cracks ;.% ;? 4
B |

R = R(EmET/Km)2
R = reinforcement size
Km = matrix toughness

Em = matrix modulus
€T = misfit strain = f(A)

R, = critical size below which no cracking occurs

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

4.33




CTE-induced Matrix Cracking

Q{g depends on

f=volume fraction of reinforcement
Y. = ratio of elastic moduli
v = Poisson's ratio

L = interface response (friction coefficient)

Trends in cracking coefficent with volume fraction

o ' T T | —— zcracks

~a. =~== 1-cracks
.
.

—

A )
LY
© \,Bonded Interfaces
A)
LY

Cracking Coefficient, ® .= (R (EmETKnm)?
T
1

e
Se
~

~.. {Estimate) |
e p=0.1

0 0.2 04 06
Fiber Volurme Fraction, f
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Creep Data for MoSiz
Temp., Stress, Act. Eng.,
Material *C MPa n kJ/mol Ref.
MoSi2 1093-1371 8-70 1.3 - Maxwell
MoSi2 1200 42-130 35 - Suzuki ct al
MoSiy, HP 1200 35-70 2.8 - Bose
MoSiz, HIP 1200 35-70 2.8 - Bose
MoSi2 1100-1400 10-80 1.7,44 372 Ghosh et al
MoSiz 1100-1300 10-80 2 433 Sadananda et al
MoSiy, single crystal <210> 1200 70-170 2 - Bose
MoSix* 1200 10-50 2.7 - Ghosh et al
(Mo, W)Siz, HP 1200 35-70 1.6 . Bose |
(Mo, W)Si2 1100-1400 2-200 2.4-3.6 536 Sadananda et al
MoSiz+20v%SiCw, HP 1200 35-70 31 - Bose
MoSiz+18v%SiCw, HIP 1200 35-100 3.1 - Bose
MoSiz+20v%SiCw 1200 100-250 3.1 - Ghosh et al
MoSiz+20v%SiCw 1100-1450 20-200 33,52 596 Sadananda et al
(Mo,W)Si2+20v%Sij 1100-1400 8-250 2,4 - Sacananda ef al
(Mo,W)Si2+20v%Sij * 1175 30-50 3.2 557 Wiederhorn et al
(Mo.W)Si2+20v%Sij* 1225 30-50 23 557 Wiederhom et al
MoSiz+20v%SiCp, HIP 1200 50-100 2.5 - Bose
MoSi2+20v%SiCp+10Nbp,HlP 1200 65-120 35 - Bose
MoSiz+20v%SiCp 1100 40-90 5 - Deve et al
MoSiz+20v%SiCp/Mo {100 70-150 3 - Deve et al
MoSip+20v%SiC 1200 8-100 31 - Ghosh et al
XD MoSiz+30v%SiC 1050-1300 35-300 35 430 Suzuki et al
N loSins 200 ERMo3Sisp 12001300 100280 35 ~ Paicketal
MoSi2+20v%CaO 1200 100-310 35 - Patrick et al
MoSio45vMosSiz H 1200-1300 10110 2535 ~ Mosanetal
MoSiz-45v%M05$'x3,DS 1100-1300  150-1000 4.5 300 Mosan et al
MoSiz+5v%SiC 1100-1200 20-180 1 460 Sadananda et al
MoSiz+10v%Si8p 1100-1200  20-250 1 460 Sadananda et al
MoSiz+20v%SiCp 900-1200 15-450 1,4 460 Sadananda et al
MoSiz+30v%SiCp 1100-1200 35-300 3,517 460 Sadananda et al
MoSiz+40v%SiC 1000-1200 40-400 5 460 Sadananda et al
MoSiz+5v%SiC 1050-1150 10-30 1 815 Wiederhorn et al
MoSiz+10v%SiCp* 1050-1150 10-30 3 575 Wiederhom et al
MoSiz+20v%SiCp* 1050-1150 10-30 5 894 Wiederhom et al
MoSiz+30v%SiCp* 1150-1250 30-50 5 684 Wiederhorn et al
MoSi2+40v%SiCp“ 1100-1200 30-50 5,10 628 Wiederhomn et al
MoSiy+1wt%C 1200-1400 20-250 2,5 460 Sadananda et al
MoSir+2wt%C 1000- 1400 20-300 3 460 Sadananda et al
MoSiz+4wt%C 1200-1400 20-250 3 460 Sadanandaetal

* Tensile Creep Test




100 MICRONS

50/50 MOLE % MoSx2/WS12

100 MICRONS

30 VOL.¥ S1C PARTICLE-50/50 MOLE % MoS12/WSx2 MATRIX
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- GROUND STATE STRUCTURES
CONFIGURATION ENERGY

E-= }; (12) q W,

g,: number of jth neighbour A-B bonds
Iyl

Wi : 2VA'|3 -V,, -V =Interchange energy

For third neighbour interaction

E = (172) (q,W,+q,W, +q.W,)
EW =(1/2) (9,+q,v,+q,v,)

where : V,= W2/W1 andv,= W3/W1




+ DETAILS of HcP STRUCTURE

o
- SPACE GRoOUR P63/mm¢.
- ATOMIC POSITI(ONS
ra J-(z A . é 1 /3
- Co-0RDINATION NUMBER 6! ¢ 6

. IDEAL AND ™NoN- IDEAL AxiAL RATIO
GENERAL ASSUMPTIONS !
- BINARY  ALvoy

NoN - TDEAL Ax(AL RAT(O

PARWISE INTERACT|ONS UPTo THIRD NE(GHBOUR
ENERGY |8 FUNcT(oNn o0F PAIRWISE INTERACTIONG
ONLY

| VlBﬁAT(ONAL AND SIZE EFFECTS ARE TIGNORED
VACANT <ITES ARE NoT ALLOWE)D

6.4




(SUBLATTICE |
DIVISION
METHOD

\.

PAIRWISE CLUSTER
INTERACTIONS | METHOD
e ~
CONFIGURATION
POLYHEDRON
| METHOD |
GROUND STATE
STRUCTURES
CLUSTER
METHOD
( MULTI-ATOM |
INTERACTION
_METHOD J\
CONFIGURATION
POLYH=DRON
METHOD
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CLASSIFICATION oF DisTiNneT LAYER

C7 SUBLATT((_ES/ L AYE R

-AYER sITES FRACTION o
. -
- DESIGNAT(ON OCCcUPIED RY
B AToms R AToMS (N
LAYEK
L1 —~ o
L3 1,2 207
L4 1.2,3 3y
LS 1.2.4 1y
L& 4,5 ,L,7 41>
L7 3,8,¢.7 47
La 3/415"07 S‘7
L‘? 2{3‘4,g(‘.7 (—('7
C10 1,2,3, 4,85 ,0.7 1
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SUBLATTICE DIVISION METHOD

— ATOMIc SITES oOF HCP STRVCTURE CAN BE DPIVIDED

INTO €, 8, 10,16, 20, 24 AND 28 SUBLATTICES

- SuR LA-rTyce( LAY ER

~ PoPULATE LAYERS | ALL PoSS|RLE A2 B AToMs
- STRUCTURES | STACKING O0F LAYERS

- RELATIVE STABILITY of ST.RUCTURES

- STABILITY DOMAINS

- comPos|TFE MAP

RESULTS ! 15 STRUCTURES

AsB , AR @), A2 B (A), Aq Bs , A7 Bs,
AG ()

CRYSTALLOGRAPHIC DETAILS !
BRAVAIS LATTICE
SPmcCE GQROULP
Mo ©OF AToMs PER UNIT CELL
PEARSON SyYmpoL
LATTICE FPARAMETERS

COORADINATES OoF EQUIVALENT PostTior
6.12
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: ra NI

i
V2 Wy> 0
3.0
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CLUSTER METHOD

MOTIF

CLUSTER

WEIGHT

3
ENERGY: Linear function of cluster concentration

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

Realisation of solution on hcp atomic sites in a
consistent manner

RESULT : 9 structures
A_B, AaB(3), A,B, AB(4)

LIMITATIONS

L




_.CLUSTER\PAETHiP

Xy Wi = Yk (WEIGHTED FRACTION

-

- MOTIE
¢ LUOSTER 13 PosSIBLE <CLUSTES

_ WEIGHT
\, + Mo+ +Na + s +Ye¢ tYy +\g +VYa +YotYu+ Y

+Yn =1 1

\y + 2Y3 +2Yq +2Ys +3Y¢C +3y> +34g + 4Yqt+ 410
44V + S +6Y¥a = 6C A

_ONE cAN WR(TE o of AB BonD (qy) AS

?&{:Ji:‘q"ik\(g FoR J;:?,L
= % Q/I_'k Yk FoR }- =3

ONE CAN OB TAIN THE CONEIGURATIONAL ENERCY

E=3 NW LY (1+B+Us) + Y3 (4 +2W8 +1U) +Yq OtV 7Y
"+‘(g(2+10\) +Ye (3w +3 \92) 4\, O+ W, +3U,)

3]
+yg (rH1 +U2) + N9 (242) 4+ Y (2t Y

+\u i1 +2U) +NnpC 1 +U11+U’1)j

_ <SolLVUTIONS . LINEAR PRO GRA MM ING

ME THoD

RESVLTS
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0av;3V2] A-—=AgB AsB, ap*
v ¢ 2Vl‘2 A8 ] l
et vy 22 AgH
v SWV2 A—+ A58 a3 gl
v )
s A—AsB |AB -+ A78'| A,8' AR
v2 /2 5 5 2 2
AR A—vA5B AzB‘---wI\B3
v1/2
V“‘
“W<2vy A—eAgB
2V‘S vy
oLy =1 A—sAgB AéBz
vy vy A8 . \
Y Y EERYE /2
' COMI'OLITION (c)

Fig. 7. Different structures obtained by cluster method as
function of compositiva




W‘|<0 V2
0=<C<1/6
1'0F
. | 1
-1'0 0 10 vy
A+ A3B
10}

Fig. 3. Stability regions of structurcs obtained by cluster
mcthod as a function of interchange energy ratios v, and v,
for IV, <0 and 0< C < 1/6. Arrows indicate stable solid
solution at interm.diate composition while the plus sign

corresponds to a miscibility gap.
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CONFIGURATION POLYHEDRON
METHOD

\
» MOTIF

=%  Structural inequalities:
half space (r, r, r,, C)

=  Convex polyhedron: Configuration polyhedron

= Realisation of solution on hcp atomic sites in a consistent
manner

=» RESULTS
» 15 structures

» Series of long period APB modulated

superstructures with stoichiometries A B

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

= LIMITATIONS




CONFIGURATION PoLYHEDRON ™M ETHoOD

MOTI(F

Einwg, =(Gc-2) + (3e=2)ut (se=23)w

STRUCTURAL INEQUALITIES (M= 14)
Yl y Y, ',3. ; € |

EACH INEQUALITY REPRESENTS A HALF SPACE BovnpED AY

A BYPERPLANE oN WHICH THE
EQuaLiTy

(NEQUALITY BecomEs

SoLUTIo '
N ! 4 INEQuUALITIES FROM THE SET of m

REMaAINING INEQuUALIT(E ¢

ONL‘{ CASE (lll
) CORLES Pory
DS To A vER
¢ T
REAL\SAT!ON

oF
STRYCTUVR £ ON Hcp ATom,c

SITES
LESVULTS
LIMITATIONS () VIRTUAL STRUCTURE
) CTRAVevT012 A DEaLIRATION
6.20
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1
A28 Aza['
% 4 ~-1A2B (V)
. 1
\ 0
v
\i
A
2
A,83 A B

Ay B AB

(b)

ASB’ AlsW AU:.Z'

A3B CU3 Sn
- /
‘¢ 1

(c)

2D planar surface of configuration polyhedron obtained by intersection of hyperplanes (a) 4 and
S5, (M) Sand 9 and (¢) ¥ and 2.
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I MULTI-ATOM INTERACTION

METHOD
+ CLUSTER METHOD

I < MOTIF [Tetrahedron]

% Multi-atom interaction parameters
[4 body force]

% Look for minimum number of variables
= MINIMISE ENERGY IN PARAMETER SPACE

= RESULTS

I A,B, A,B, AB, AB, and AB,

6.24




Table 1. Possible cluster configurations on the motif (FFig. 1) and their

energies.
cluster cluster ~ weight comesil- first second clusler energy
lype configu- of the ionof = neigh- ncigh-
ration/ cluster the bour Lour
sites ' cluster-  unlike uniike
occupied pairs ~ pairs
by B
atoms
: W, c, n| n' €,
0 - 1 0 0 0 0
1 1 3 1/4 2 I 3/2W(1+a)
2 4 1 1/4 0 3 3/2W(1+4[})
3 1,2 3 1/2 2 2 2w
4 14 3 172 z 2 2w
5 1,23 1 34 0 3 32W(14y)
6 1,2,4 3 3/4 2 l 3/2W(140)
7 1,234 | 1 0 0 0




Table 3.  Crystallographic data for the structures pertinent to the ground state ordered h.e.p.
alloys.
Lattice vector in
units of ¢y und ¢y Sublattice
Pearson A type occupied
Phase Spacc group symbol a b ¢ M/K by B atoms
AN IAURITY Lo {2100 (ho} oot 6 1
3, 2
A1) Pnmm (Pmmn) o2 L1101 (330] (oot] 12 1,9
(D314 2
AB(I) Pm mP12 (T20] [220] [o0t] 12 LY
c! 3
A,B! P6,/mmc W [200) [020] (001] 8 1,5
D2, 3
ABYL; C2mml(Amm2) oClo [420]) [020] [001] 8 1,6
Ci¢ K}
A,B3(11) ‘ Pm mPy (11031 [220] ([oo01] 8 5
C! 2
ALY Pamm (PPromn) o'y [210] |020] (o] B L6
D3 3
A B! P62 hi’o {210} (Hio] (ool] 6 1,2
I).:h 2
A,B? Cemm (Cmcem) oC12  [120]) [300] f[ool] 6 L4
(DN 2
A,B3(D) Pn2,m{Pmn2,) olP’12 [(110] [330] [oo1] 12 1,2,9,10
Cl, 2
A,B,(11) Ccmgl(gmcm) oCl2 (330] [tro] (oo1] lg 1,4,9,12
2h
AB4(1) Pamm(Pmmn) 0’12 [T10] [330] ([001) 12 1L3,51
Dj}; 2
A DA Pm P12 [T20] [220] [001] 12 1,3,9,1°
C! 3
AyB, glln mP 4 [310] [230] [o001] Ig 1,.3.5 11
A,B, Pm mi’i2 L120) (220] [00t] 12 ,2,4.9,12
c! ]
AR Pan2 hi*2 jtoa) jota) (oot 8 ,2,3,4
DI 3
Al? Pemm (Pmima) ul’4 {2100 {owe] (oot) § 1,2,5,0
N3, 3
ABY Pomm (Pmmn) o4 (2101 (o0} foon) 8 1,2, 1,8
D4} 3
Al Poam (Pnma) oK [T} (2205 [001] 8 1,2,6,7
DIy 2
AR Pcam{Pbem) o’y (1103 [220] [oot) 8 1,2,5.8
DI 2
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STARILITY OF

oRSERVED H¢P <CUPERSTRVCTURE
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AN
" R
STABILITY OF EXPERIMENTALLY
OBSERVED HCP SUPERSTRUCTURES

AaB‘: Ni,Sn, Mg,Cd, Ti Al W<0,v,>-1,v,<0
A,B% Pt,Ta W<0,0<v, <], v,<0, v,-v,>0
AB!: WC, LiRh W<0,v,>-1, v,>1/2
ABZ MgCd W<0,v, >-1, v,<0
AB + A,B% AuZr Wi<0,v>1, 0O<v, <1
AB' + A ,B* Cu,Sn W, <0,v>0,v, =0

&A +AB+AB!'+ AB» Cu,Sb, W<0,v,>0,v,>0 )

6.30




7. Stability

S. Raju, E.Mohandas and V.S.Raghunathan

Indira Gandhi Centre for Atomic Research,
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STABILITY OIF INTRERMETALLIGCS
A Metallurgical Physics Perspective
S. Raju

Indira Gandhi Centre for Atomic Research
Kalpakkam-603102, India
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STRUCTURAL
STABILITY

FIRST PRINCIPLES " EMPIRICAL
APPROACH o SCHEMES
UNDERSTANDING PREDICTION
ALLOYING
THEORY/MOPEL FOR STRUCTURAL
COHE SIoN sYsTEMATICS
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SEMIEMPIRICAL METHODS

» Establish the trend vsing
appropriate alloy theory parameters

¢ Setwp a microscopic model in terms
ot these parameters.

‘. Pseudopotential ¢ Tight binding methods

. Pair potential analysis (Machlin)

« Macroscopic Atom model
(Miedema)

o Interstitial electron densitr
mode! ( Schubert, Johnson)
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PAIR POTENTIALS

E= %N 3¢k
Ri¢0

* Absence of volume dependence

. Ordering Energy may be representeg

E- F(P)+ V22¢(R)

P

- Volume dependence
(structural term)

EMBEDDED ATOM MODEL

7.7
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VIEDEMAS MODEL

ALLOY = ASSEMBLY OF
‘ NEUTR AL W-S CELLS

PARAMETERS .

« electron density (¥ .Py’)

+ Chemical potential due to
electronic Charge (4%

* Molar volume

--__-—---_—---i




MIEDEMA MAPS

( A‘#*: A‘?Ys )




Uy = No.of d e x ensyy of d electron

EF
at
u‘d" J N(E)d&' E — Na E¢
0

=~ Wd (lo- Na) Ng,  FRIEDEL
20

Wd: Widt of d-band
Nd: Ne.of d-electrons

For an A.‘,_ B'_z allor
x=V,
te e A
jE N(e)dE - V:_I E N()d.E —sz E N(6)dE
AB

4 0

B

(4
= -Nng

_" n (lO*‘;’) + Wa n (‘0-1\“) + Wg
— A —¥ N, (1a-n
20 A0 - B 3)

o/ adn

81‘\ = M -.'ﬂa

DETTIFOR S
MODEL
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Typically What do the Materia) Beientists Want
Trom  Srstematization Studies ?

o Under What conditions do two elaments A & B
Combine and i} so

Do ther form comgounds or  Solid /liquid Selotions ?

More Specifically ther look for

* Yuraber of compounds o Extent of solid soludility
o Crystal Steucture taformation s Type of solid Sdubilitr
* Stavility of compounds :s:m:'hm
) . utectic
( polymerphic & othar {ransitien, peritectic A & host
Cohesive energy . Lattice Stubility of others

Parameters eic)
.» It they are insaluble then Why ?

o Dasically, these are the Pprimary information, Which

together form @ comprehensive physical Metallucgica

data base. No deubh, one tan foke ofner properties ke

- thermodynamic
- elechrical, masndic
- Yransport properties

but in my opinion they do not form a Simple x minimal

basis.




e CRITICAL APPRAISAL

o In its core the model is empirical.

+ Suble eHeds like mlgntHc contribution bo Stabilily
Is neglected

« Alloys with Sy, Ge et are not satisfacterily npmmh&

« The physics of alloving as advanced by this model
13 SMC""{ wncorrect , a\!-hough ¢ts  numerical asrcement

. With Precise Fust Principle calculations 15 Surprisingly good.

« APPLICATIONS

Calaulation of interfacial energles

Predichon  of glass formation ranges

ASSe.ss'mg the relative Stabilily tre ds

Ana‘ysins selid Solubilily data

X USE OF BASIC COORDINATES TD CRYSTAL
STRUCTURE SYSTEMATICS

\:xirapolo.fion/ Inter polation for  limited AH, data bank.




v An algorithm to generate probable
Structural  alternatives

* Structure maps
* Simple  phenamenclogical correlations

* A troly Hfest principles appreach s
2 nen Starter by \teelf

/

« Effect of various approximations on the owtpot |

A}

iLs%there a UNwERSAL fHEoRY 0

SIMPLE METAL TRANSITION
ALLOYS METAL ALLOYS
o Paeudo petential +Tight binding
* LMTO(ASA)
HrBRID
VARIET\ES

DFT (LpA); 7
ASW




STABILITY 2

-1

= -f k¥ 1
L= T { exp (-ﬂH)} )
fa }',<sT

Z = Partitian function

H: a (ground State) energy function

H‘ZHM* H, .t H

1-1 -0

H= E t EP (Sc\\rﬁcdinser equation,
k Vieial theorem , - - -

)




METAL =  SCREENED 4+ DELOCALJZED
lON CORE CONDUCTION
ELECTRONS

AH, X AﬁA t (1-20) AQB

‘&;lﬁz (EA” EOA)
E= E(%)

fi = volume/eleciran * electron density

1
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E= ZEy By B tEy + Ly U

Ee!
E- E°3 t Structure depmdznt contri bution,

Madelung

Pepcnding on the sophistication, plug in appropriate E¢

give  €quilibrivm cmditions.

lQ.v
¥ ptm’™

Fora binary  AxBix : the Final expression

E (Per atom) = 'Z"(?%l g?s_gg ~0-§ 40031 InYs)
[ ]

4/5'rr= Lzpar Hfs] "R %

' . 2z, i-2)2,

X = 17232 (fee)
b= oemets, (0

OF = AE - T&S i

mia

----------+




The presuit  Study alempls 1o derise 3 Sinals

Coordinate  Stivclure map.

Why one parameter {

Periodic 1talle has one dimension. Tams \v %

§s & possible by Jush providing one extra paumeter
to Correctly Account for the bonding trend.

eco s o ' they
Secondly 1 ' yossib\c o Combine R fos oth -
\ wWh
indepndent  pammeters Ip get @ Singls ons :
v

P 4
. ' % Aencies:
’)u.w--"‘_.s | ConWrOm\SB 0* c""?"hﬂa “r

Ans (. Yes - 008 pamnew
uw No - Mot ey “'“A"V"'dmi

PRESENT PARAMETER

*
X E Ck _ Yo\t | eleckrons

it
‘P‘.= Mock Function related glectroned

(K EF}

M = electron densitt at W-S cal\ surface

\ = Vo\om /m.ole e
7.19




X As A STRUCTURE MAP PARAMETER

Prediction of Selid Solubility
Prediction of compound Formation

AB  Structore typa Serting

The range of X is increased by artikcially

}irinsinj ¢t in the decreasu'ns order.

Ce : (actinide omitted)

Predicts feasonably  Solid selution exclusion

and Compeuvnd Pormation  exclusien  TOMS.

Sert AB Structure  type only as gud as

any other Single coordinde Map:

----------1




The X VARIATION FOR TRANSIfION METAL

PERIODS IS RATHER IRREGULAR

Se wov G M F o W
Y 7z W M e
la Hf fa W Re

Also there is a drop in K in  going From IA» WA
fe. Li3aBe : Na+Mg etc.
‘S!- 15’" 25‘- ZSz

7( does not appear to be a Smooth funchon of Z

X # Electmnegahvi\'Y {

chamcteristic of the

elemental state

= gn enegy Parameter,

Condensad State, not the

. ft may not therefore obey the trends of

an atomic coordinate.




o 3§ we propese X = wmeasora of &ls_c’t.mnegai\v‘df'

then  the high eleclmncgn!ive eemants  on the
€atreme  right has no optisn other than

Covalent band.

Low X valves of metals ¢ndicates that electron
redistibution s Yathe easy upen homo polar

boad formation. Llow etcc{roncgaﬂvi? Suggests that
transher and  delocaluatien  of atemic Valence shel)

in to  Conduction band is  capr energy inexpensive

(5'.

\,;Ca.

v

v
7
% g0
&:
36‘6 BC

M (.

l; B¢ B8 ¢ N 3F.
N?l, M3 , Al S;:' P 5 (-‘.--

»
0-2{ 04

. ‘POS\HON’ oF H, requires reShuF.’ling_?



KELEVANCE OF )( w.r.'y PERIODIC TABLE

. 3{ decrcasws down the group,(Save for Si-Ge)

for s, p elements

Pown  the Gop, i Sre (at radu) tnova i,

ad  S,pd Lol dn te selid shale conempel,
~ difference  in EP'EJ comes dewen.

~ increased  delocalizabion
~ tncreased  metallicity

x Value decreases ..
84 X & av one ¢ enugy of valence Shil

Men this  trend s eecephed.

*  Slight vpNand Shift in Si>Ge
Siv P block “lemeni- Mo d-band
d-band of the

Ge- impafu‘.t Cervening by
there (5

> and P As 2 met nesult

Valence
0 3 Snbling ¥ 1o

2 S\'\ght d-band  (ontnbutio

Semiconduckivity.

«  Compared to Si, 6e has & lewer band gap. (und high X)
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52 New Sciontist 29 Moy 1908
The Mendeleev Number for constituent A
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= . A : . | i i patches corresponding to resons sith pos-
& : ’ ! : o : tng heais of formanon swheee compound sdo
g ! ‘VA . " ' I p not frm La. Gd. Luand Th, U, Purepre-
! I ! ! ) ! i : | sent the lanthanide and actinide elemenis
' | : ; ' i : . respectively. If we arrange the elemenis as
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) ; , Mendeleey momher, we areise at this sirue-
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PQELIMINARY CONCLUSIONS ABoul X

« For s, p demcnls, the metallic state valencs orbitals

e Telain n ’uyc pertion of lfomi.o charactar
and therefre X exhibits 2 trend . coinciding
With an  adgmic ¢ledron¢;ah'n'fy

'fh& more the s’ orbitals are cnvolrad tn
bond\'ﬂg the la,r},u' s dhe X. fhis 1S
2videnced by Xie> X pge ete - -

A Na S KNJ

* Transition Metals 2chibit a o vange of
AX. besides  hawing los X themselves.

* Rare e rths  tend o g""“Po mingle with the
d- transition metals,  thus unifying the
Qeneral  metallicily  of these grp- N, the
Present fom of paisdic fable tends to

Muddle +his +trnd. &, Afler \a,

te =5 lu must be follewed : But we write

Ll' H{' ra_w ... etec.




BASIC STEPS

CeLL PREPARATION

§o
VA. ‘PA VA° < VA
A VA yA' > ‘?‘_A_
] - &
Fo
VB j’! VB,} VE
° VQ Fg € f!

CeLL PREPARATION ! ° VYOLUME EFFECT
STEP
Genemtes repulsive forces




CHARGE TRANSFER STEP

&)+ @ = W
ALB

THIS IS ATTRACTIVE AS CHARGE
TRANSFER, DRWEN BY CHEMICAL POTENTIAL

GRADIENT.( A¢Y)
ELECTRO CHEMICAL FACTOR.

Tass P, ¢ CouLp BE BASIC ALLOY THEORY
PARAMETERS.

[ ]
BES'OES , THEY ARE CONNECTED T0 Aﬂg.




ELECTRON DENGS TY

\Por N = (V/z})-'
W, Thy s V),

rs = M /a
o
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o Z camet be Solved exactly in 3-D

o H is a composite term, again exact
Glevlations are  impossible

. Ameimtlons at this very basic lesel

* Rdiabatic appreximatien

« one electron approximation

o Self consistent treatments of e-€

(Various band structure moddls, OFT, PPT)
EMA, Moleclar dynamics, duster calcolations)

. Incorporaﬁon of temperature atfects
eharmanic, quasi harmenic models

o inadequate portrayal of lewer T regime

o Calevlational accuracy ¥
< lev (%i-b‘ci/g.mm)

!
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REQUIRED INPUT

o Set of Zy |
* €qlm. spacing (Vegards Law: Zenslaw)

o Core size, Madelung Constaut
QUTPUT

FORMATION EN THALPY.
ELECTRONEGATIITY
BuLK MopuLus (?)
SFE, APBE  (7)
ORDERING ENERGY

VALIDITY

ONLY S, P ALLOYS

ATTRACTION |
SIMPLE, ALLOWS EASY BREAK U




INPUT )
w\..’ N (= A B);,WAB, |

SIMPLE ;
NO STRUCTURE DEPENDENCE |
ABSENCE OF REPULSION TERM

BUT EXPERIMENTAL AGREE MENT
600D ¢

How ¢

How to incorporate structure?
STRATEGY

@ N(E) » density of states, structure .
Sensitive.

U) FORCE THEOREM




" Consider C Covalent  $p°/ tebrmhedral

St .
tetrahedral Sc
gL
Ge ] .
Sa - white tin, sc, himjonzl lower X,

b~ Fee, metal, lomJ(

fForthee  “AL si P Xso= Aart oLe

2

GCI GC A.S' Xees xhs*xsq

' 2

fn sn sp X = X, + Xsb
2

AP

GaAs are also Semiandudin&.

in Sb

AS We o from Lelt » Hght in the periodu’c tabls

W w1'te  from

Metallic - Comlcnt bludinJ

W, B.oc NP M
B‘v Ba ' 01 F‘ ‘-kc .
ete .-
)Q —_—




e —————— i+ s — e e e

What is Spec'\al about transition
 metals ? |

d electrons - spatially localized
- Covalent interaction

- Strongly bound to the care

TIGHT BINDING SCHEME

)

= t U
: uate rep
—— \
ud ¥ u’s-d.f U‘o}hcrs
RECTANGULAR
BAND ASSUMPTION __‘.'_
N(E)
"
b
-, . WE)‘?
7.34
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TRANSITION METAL COHESION
= | oth
: Ed.t Es.P * Es+d. rOTeR

E d'.-.-l band theory rovte

Es,p = Psevdo potential
Esed - Tight binding
Eeuu}s s Ma,ncﬁc.
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CsCl TYPE

o

A NaCl TYPE

AKX VoLTS)

7.49




ts).

i

un

ity

.
S

en

d

.50

=1
7

Lo e 2
1

i:

].
1

|

!
H

==y
5

i

< B

() WLLY.\ :




st (e \_S N
—{swon) x& ‘\N:; et

b

o)

(3

n g;arwmﬁmiﬂ

M»O%dwxuﬂas\..\ﬂjmﬁm\u_ﬁz. ..Qm

. et

lowa |3 |

m._A

B IR

TN !
i A #

Pl : V

i R i i

: Lo : ,

[ ' i

_ oo ! !




{1
i

1
1

"
i
.

E

pbagy phuwtd pbd

Sy gy

oy

I

......

he ped bs

!

£

i

josoe p
L-T3o.0

T

feoct F1o8
it

T

i

L

£

17
+1

pd4

tridise

F11r
4 o8

Nty




CONCLUSION # 1

The direct method is seldom
transparent and transferable
but

{t offers to validate or otherwise
a§ successfu| empirical correlation

/.53

A |




CONCLUSION # 2

Miedema Coordinates

Bond Jndicatars ?

STRUCTURE SORTING
PARAME TE RS

Peth‘ For's vs  Miedemas




