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The @oal of this lecture is to understand
how the crystalloaraphic data can help
the Calphad thermodynamic modelling
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The qoal of this lecture is to understand
how the crystalloaraphic data can help
the Calphad thermodynamic modelling
whatever the phase and in particular

t0O model ordering.
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Outline

> Crystallography
— Experimental data
— Nature of the phase
— Sublattice model
— + DFT
» A same model for different structures

— interstitials
— metallic ordering
— Interstitials and metallic ordering

» Conclusion
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Crystallography ~ Experiments

Crystal structure data

Fig. 7a. Mgz sCusss recuit 20 jours 8 500°C (K.Cul
Fig. 7b. Mgz sCusz e non recuit (K, Cul
Fig. 75. MgsiNisss recuit 22 Jours 8 480°C (K,Cu) avee indication des rales utilistas paur le coleu| du paramatre o
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Crystallography ~ Experiments

Crystal structure data

Fig. 7a. Mg sCusss recuit 20 jours 5007 C (K. Cul

Fig. 7b. Mgz sCusz,e non recudt (K, Cu} J

Fi. 76. MgsMlass recuit 22 Jours & 480°C (K,Cu) avee indication des rales utiistes pour le caloul du paran ook W kg
o - “ POy, 4. Paramatre 2 de la mafle cubiqua da MgCu; en fonction

de la compasition (at.% Mg) et de la tompérature (1A =
10" ml
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Crystallography ~ Experiments

Crystal structure data

TasLE TI1.—Alloy A (5 per cent. Mg).
(Face-centred cubic.)

Radiation. Rkl Iutensity.  &/n observed. djn caleulated,
L |V 111 V.W. 4-186 4043
L3 . O 111 AALR 4-029 4048

Epg oo, 111 M. 2089 2089

Ky voiiiiiiiinnens 111 St 2-098 2-098

Lg (tungsten) . 100 (2) w. 1-820 1-817

Kg ooiorinennnn 100 (2} St. 1-821 1-817

Ky e 110(2) 8t 1283 14284

La (tungsten) . 131 w. 1:093 1-096

Ky ooovonemnnnnn 131 St. 1-094 1:095

Norg.—Lines of 3 phase are marked with an asterisk ().
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Crystallography Experiments

Crystal structure data
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Crystallography Experiments

Crystal structure data

Table 4
Alomic coonfimstes and atomic disjlacement parameters of the R4, Te, compounds (0.15<x<0.84) 1 rufined in the 12/m space groop
Aiom * ¥ i Cccuancy rate * site mliphey B
T
Tell) L 0 03mn ' )
Te(2) 0337(3) 0 ) )
R D00(5) 0 1 Lazq)y
Ri(Z) 0 0 0.55(3) L
Rb(3) 0s as empey
Rb, . Te,
Tell) L 0 I L5M
Tel2) 0333(1) o 13 L&m
() —000%(3) 0 1 L&
Rb(Z) [ 0 Ly L&
Rb(Y ns as empey
Rb, ,Te,
Te(l) oMy 0 0.3669(4) 1 LT16)
Te(2) 0.335(1) L] 0ET9T(4) 1 LT16)
RN —D0I5(1) 0 026145) ) %N
RO 0 0 0 1500 191}
Rb(Y 0s as 0 empey
Rh, . Te,
“Te(l) D.338(1) L] 0.3773(6) i 2451y
Te(2) 03U 0 0.8EI8(E) ) 2451y
RA(1) -nonm 0 02:0306) 1 1211)
Rb(z) 0 0 0 2 L2i1)
(B 05 05 [ [REIR) 2n
Rh, . Te,
Te(l) D.1308(T) L] 0.3808(3) i (O 88(5)
z Tel2) 0206 L 0.8B24(4) ) BB(E)
RB(L) 00166 0 0.2411(5) 1 0.93(8)
RM2) o 0 0 2 D938
Ru(H 05 05 [ 08z (2938
x
¥ R, ,,Te,
. Tel] 0136(2) o 03772 1 038(5)
Fig. 3. Perspective view of the R, Te, siructures (=05, The gray 1oy G i prithd H e
sphere comesponds o e octbedral sltes filsd by rhodlam (RBOH  Ral) ol u 0z ' 157
beyood the Rh, ,Te, composition see Fig. 2 for detals of the other  Rb@ v 0 0 2 L57¢3)
thodium posiiord, Larger open clrcles are Te sfoms R 05 0s 0 106 1570

Nathalie Dupin (CT) Crystallography and ordering SATA / Giens Peninsula / 2017 4 /29



Crystallography  Inputs for modelling

Crystallographic information

Of interest for the thermodynamic modelling

~> Nature of the phase: prototype, StrukturBericht
= continuous model, phase name

~~ Number of sites, multiplicity
= sublattice model

~~ Site occupancy

= species to consider in the modelling
= can be fitted

~» Volume
= can be fitted
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Crystallography Nature of the phase

Continuous modelling

Prase smwcwenpe TN Spegoe Mool Continuous modelling is

(Cu,Ni) Cu cF4 225 & Search

Temperature, °C

L T A S A M )
cu at % Ni
[ data |

Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1442-1446,Chakrabarti D.J., Chen
S.W., Chang Y.A.

Nathalie Dupin (CT) Crystallography and ordering

obvious when there is a
continuous solution.

Cu and Ni:

prototype Cu
= substitutional
model: (Cu,Ni)
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Crystallography Nature of the phase

Continuous modelling

Prase smwcwenpe TN Spegoe Mool Continuous modelling is

(Cu,Ni) Cu cF4 225 & Search

Temperature, °C

[ data |

Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1442-1446,Chakrabarti D.J., Chen
S.W., Chang Y.A.
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obvious when there is a
continuous solution.

Cu and Ni:

prototype Cu
= substitutional
model: (Cu,Ni)

fcc fe fc
G = xcu GES + xni Gpi©

+RT (XCu In xcy + xpiIn XN,')
fc
+XCuXNiL(?§7N,'
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Crystallography Nature of the phase

Continuous modelling

Prase smwcwenpe TN Spegoe Mool Continuous modelling is
(Cu,Ni) Cu cF4 225 { Search

obvious when there is a
continuous solution.

Cu and Ni:
prototype Cu
= substitutional
model: (Cu,Ni)

Temperature, °C

A A A S M)
cu at % Ni
[ data |
Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,1442-1446,Chakrabarti D.J., Chen E =
S.W., Chang Y.A.
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Continuous

Crystallography

modelling

Peason Material
Phase Structure type Lol Space group No. e
(cu) cu cFa 225 & search
(Co) ht cu cFa 225 - NoData
(Co)rt Mg hp2 194 4 NoData
L

Temperaturs, °C

1110

a0
% “ %0 & 70 o e 100
at. % Cu
[ data
[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1181-1183,Nishizawa T.

Nathalie Dupin (CT)
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Nature of the phase

Continuous modelling may

be less obvious when there

is a miscibility gap.

(Cu) and (Co) ht:
prototype Cu

= substitutional
model: (Cu,Co)
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Continuous

Crystallography

modelling

Peason Material
Phase Structure type Lol Space group No. e
(cu) cu cFa 225 & search
(Co) ht cu cFa 225 - NoData
(Co)rt Mg hp2 194 4 NoData
L

Temperaturs, °C

1110

a0
% “ %0 & 70 o e 100
at. % Cu
[ data
[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1181-1183,Nishizawa T.
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Crystallography and ordering

Nature of the phase

Continuous modelling may

be less obvious when there

is a miscibility gap.

(Cu) and (Co) ht:
prototype Cu

= substitutional
model: (Cu,Co)
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Crystallography Nature of the phase

Continuous modelling

Phese Sweretm P Spcagouptie, Mo The reciprocal solubility
Cuhlz CuAlz 2 140 4 Search mi
e o & e can also be limited due
(cu) Cu cFa4 225 | NoData . .
e s s i to intermediate phases.
Cushlrt Aughl P20 198 4 No Data
CuAl rt CuAl mS20 12 ‘4, No Data .
Cugghhy it Cuz 27(Cups7hlpa3laflie  hR156 160 { NoData (A | ) an d ( C u ) .
Cug7sAlg 25 ht w cl2 229 4 NoData
) cu cF4 225 . NoData prOtOtype CU
Cuhlg ht CusZng 52 217 | No Data

= substitutional
i -~ model: (Al,Cu)

1000-

o0

Temperature, °C

[ data |
[ Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski, 1990,1,,141-143, Murray J.L. |
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Crystallography Nature of the phase

Continuous modelling

Phese Sweretm P Spcagouptie, Mo The reciprocal solubility
Cuhlz CuAlz 2 140 4 Search mi
e o & e can also be limited due
(cu) Cu cFa4 225 | NoData . .
e s s i to intermediate phases.
Cushlrt Aughl P20 198 4 No Data
CuAl rt CuAl mS20 12 ‘4, No Data .
Cugghhy it Cuz 27(Cups7hlpa3laflie  hR156 160 { NoData (A | ) an d ( C u ) .
Cug7sAlg 25 ht w cl2 229 4 NoData
) cu cF4 225 . NoData prOtOtype CU
Cuhlg ht CusZng 52 217 | No Data

= substitutional
i -~ model: (Al,Cu)

1000-

o0

Temperature, °C

[ data |
[ Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski, 1990,1,,141-143, Murray J.L. |
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Crystallography ~ Nature of the phase

Continuous modelling

It is recommended to use the same model for phases
having the same crystallographic structure.
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Continuous modelling

It is recommended to use the same model for phases
having the same crystallographic structure.

» |t is obvious when similar composition, similar elements,
known continous solubility.
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Crystallography ~ Nature of the phase

Continuous modelling

It is recommended to use the same model for phases
having the same crystallographic structure.

» |t is obvious when similar composition, similar elements,
known continous solubility.

» |t is not obvious - but recommended to be able to treat
multicomponent cases - when different compositions in
simple systems, very different crystallographic
parameters, no reciprocal solubility.
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Crystallography ~ Nature of the phase

Continuous modelling

It is recommended to use the same model for phases
having the same crystallographic structure.

» |t is obvious when similar composition, similar elements,
known continous solubility.

» |t is not obvious - but recommended to be able to treat
multicomponent cases - when different compositions in
simple systems, very different crystallographic
parameters, no reciprocal solubility.

» |t is not recommended when no common elements,
no possible solubility, very different interactions.
ex: CsCI/NiAl
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Crystallography ~ Nature of the phase

Continuous modelling

It is recommended to use the same model for phases
having the same crystallographic structure.

» |t is obvious when similar composition, similar elements,
known continous solubility.

» |t is not obvious - but recommended to be able to treat
multicomponent cases - when different compositions in
simple systems, very different crystallographic
parameters, no reciprocal solubility.

» |t is not recommended when no common elements,
no possible solubility, very different interactions.
ex: CsCI/NiAl

Using a phase name related to the crystallographic structure
may avoid names losing their meaning when considering
different systems. BCC_A2 is « or ¢ for Fe, 3 for Ti, v for U.
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Laves phases

Crystallography ~ Sublattice Model

Phase Structure type :ﬁ;ﬂ’} Space group No. Material
(Mey Mg hP2 194 Q Search
MgCuz MgCuz cF24 227 & Search
(cu) Cu oF4 225 ‘\ NoData
MgzCu MgzCu oF48 70 &, Search
R
100§}
s00- L
2 wo. 7T
¢ |
3 8
§ wof |
2 ( B
5 (
2 o
| s
o0f | ass
| 2
E A M A M M S M Mgt
Cu at % Mg
[ data

[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1433-1435,Nayeb Hashemi A.A.
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Crystallography

Sublattice Model

L h MgC Structure type Pearson symbol Space group Ne
u;
aves p ases 2 MgCuw cF24 Fd-3m 22
*Standardiz
Acta Crystallogr. C,1984,40,,1-5,0hba T., Kitano Y., Komura Y.
Phase Stucturetype  heaten Space group No. Materiel Preparation
(Mg) Mg hP2 194 Q, Search  Synthesis Mo data.
MgCuz MgCuz cF24 227 @ Seach Starting materials Nodata.
(cu) cu oF4 225 . NoData
Ms:Cu MizCu oFa8 70 @ seah | Cryst | X-ray Diffraction Properties
b Crystal Structure (Published)
"l ¥ Niggli-reduced cell
o0 Crystallographic data
s00- Cell parameters a = 0.49738 nm, b = 0.49738 nm, ¢ = 0.49738 nm,
a=60",B=60",y=60
2w cell volume 0.08701 nm'*
g
El 125 z
g WV Crystal Structure (Standardized)
g o5
£
2 - Crystallographic data
ssz
ool B ™ Cell parameters a=0.7034 nm, b = 0.7034 nm, ¢ = 0.7034 nm,
( i B a=%",8=9"y=9
{3 ‘é K| cell volume 0.3480 nm?
Cell density (calculated) 5.78 Mg m-
TR R TTE R z 8
cu Mg Atom coordinates
Mo Sitenotation  Atom  Multiplicity — Wyckoff Sitesymmetry x y z  Occupancy
Cu Cu 16 c -Im o o o 1.0
‘ data 2 Mg Ma 8 b -43m e 38 38 1.0
[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1433-1435,Nayeb Hashemi u bt i
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Crystallography

Sublattice Model

L h MgC Structure type Pearson symbol Space group Ne
{1}
aves p ases 2 “MpCuw cF24 Fd-2m 22
*Standardiz
Acta Crystallogr. C,1984,40,,1-5,0hba T., Kitano Y., Komura Y.
Phase Stucturetype  heaten Space group No. Materiel Preparation
(Mg} Mg hP2 194 Q, Search  Synthesis No data.
MgCuz MgCuz cF24 227 { Search Starting materials No data.
(Cu) Cu cF4 225 - No Data E
MgzCu Meg2Cu oF48 70 @ Search I Stru 2| X-ray Diffraction Properties
| 2 Crystal Structure (Published)
"l ¥ Niggli-reduced cell
o0 Crystallographic data
s00- L Cell parameters a = 0.49738 nm, b = 0.49738 nm, ¢ = 0.49738 nm,
a=60",B=60",y=60
2 o cell volume 0.08701 nm*
g |
] s\ =
g WV Crystal Structure (Standardized)
g | o5
&
2 wod | - Crystallographic data
ssz
ool B ™ Cell parameters a=0.7034 nm, b = 0.7034 nm, ¢ = 0.7034 nm,
( i B a=9%",8=9",y=9%
{3 ‘é K| cell volume 0.3480 nm?
Cell density (calculated) 5.78 Mg m
M A A M M M i M S z 8
cu at% Mg Atom coordinates
Mo Sitenotation  Atom  Multiplicity — Wyckoff Sitesymmetry x y z  Occupancy
1 Tu Cu 16 c -3m o o [] 1.0
[ Clakl 2 wg ™ 8 b 43m B B B 10
[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1433-1435,Nayeb Hashemi 5 e s &
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Crystallography ~ Sublattice Model

L h MgC Structure type Pearson symbol Space group ‘Ne¢
{1}
aves p ases 2 “MpCuw cF24 Fd-2m 22
*Standardiz
Acta Crystallogr. C,1984,40,,1-5,0hba T., Kitano Y., Komura Y.
Phase Stucturetype  heaten Space group No. Materiel Preparation
(M) Mg hP2 194 Q, Seach  Synthesis No data.
MgCuz MgCuz cF24 227 { Search Starting materials No data.
(Cu) Cu cF4 225 ‘& NoData E
MgzCu MgzCu oF48 70 Q seoch |Crystal ture| X-ray Diffraction Properties
> Crystal Structure (Published)
"l ¥ Niggli-reduced cell
o0 Crystallographic data
s00- L Cell parameters a = 0.49738 nm, b = 0.49738 nm, ¢ = 0.49738 nm,
a=60",B=60",y=60
2 = cell volume 0.08701 nm*
¥
] s :
g WV Crystal Structure (Standardized)
g o
&
& o - Crystallographic data
2 e
ool B ™ Cell parameters a=0.7034 nm, b = 0.7034 nm, ¢ = 0.7034 nm,
( i a=9%",8=9",y=9%
wig| ‘é K| cell volume 0.3480 nm?
Cell density (calculated) 5.78 Mg m-
M A A M M M i M S z 8
cu at% Mg Atom coordinates
Mo Sitenotation  Atom  Multiplicity — Wyckoff Sitesymmetry x y z  Occupancy
1 Tu Cu 16 c -3m o o [] 1.0
data i .
[Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski,1990,2,,1433-1435,Nayeb Hashemi L e L = i HY: B 9N

+ homogeneity range = (Cu,Mg),(Cu,Mg)
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Crystallography ~ Sublattice Model

Laves phases
(Cu,Mg)2(Cu,Mg)

Cl5 16¢ C15 16¢ C15
G = YCu yCu GCu Cu Ycu .yMg GCu:Mg

C15 16¢ C15
GMg cu T YM .yMg GMg Mg

+y16c yCu
+RT QZ y16cln y16::_|_Z y,-8bln yi8b
i

16c 16¢ 8b LC15
u VMg Ley ,Mg:j

8b  8b E: 16¢ j C15
+yCuYMg Yi LICuMg
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Crystallography ~ Sublattice Model

Laves phases

Cu:Mg Mg:Mg

1.0 1.0 L

/ V.
0.9 PR 0.9 8b )t
0.8 4 + 0.8 7 +
Ve Ve
0.7 ~ = 0.7 ~ =
Ve g Ve
0.6 = S 0.6 =
s S /

& 20,5 s F £ 05 s F
> y @ y

0.4 = 3 0.4+ =

/ g /
0.3 - F = 0.3 / F
/s /s
0.2 v = 0.2 v 16c =
Ve Ve
014 = 014f =
0 T T T T 0 T T T T
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Cu:Cu 16¢ Mg:Cu
Yo Xvg
_ 2 16¢ 1 8b 8b __ 16¢
Xi =Yty yio =3x; — 2y

3 3
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Crystallography ~ Sublattice Model

Laves phases

Cu:Mg Mg:Mg
1.0 10
/
0.9+ s = s
0.8 / 8 b [
/
0.7 B / r 04 =
0.6 = =
4 g
% £0.5 / F = 54 F
ES P 2
0.4 ., F s
0.3 . 3 107 [
s/
0.2 s/ L
P -15 - L
014 3
0 T T T -20 T T T T
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Cu:Cu 16¢ Mg:Cu Cu
Yo XMg
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Crystallography ~ Sublattice Model

Laves phases

CupMg ZnpMg NipMg
C15 Cl4 C36

CuyMg is the prototype for the C15
Laves phases.

The Laves phases are a familly of
intermetallic phases appearing in

CN12 X
many binary and ternary systems.

They have all often been modelled
with a 2SL model with reciprocal
substitution in order to describe
their range of homogeneity.

The C14 is often identified in
multicomponent alloys of
industrial interest.

CN16

U. Kattner et al., Calphad XLII
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Crystallography ~ Sublattice Model

Laves phases

CupMg ZnpMg NipMg
C15 Cl4 C36

CuyMg is the prototype for the C15
Laves phases.

The Laves phases are a familly of
intermetallic phases appearing in
many binary and ternary systems.

They have all often been modelled
with a 2SL model with reciprocal
substitution in order to describe
their range of homogeneity.

The C14 is often identified in
multicomponent alloys of
industrial interest.

C14: (A,B)2(A,B) or
(A.B)3(AB)(AB)2 ?

U. Kattner et al., Calphad XLII
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Crystallography ~ Sublattice Model

Laves phases

Ni 1000°C  (1273K)

1995 Joubert J.M.

The C14 often appears
as an extension of

a binary phase in
temperature and
composition along

an almost constant
composition line, ...

(Cr)

10 20 30 40 50 60 70 80 920
Cr zicnit at.% Zr Zr

© ASM International 2009.  Diagram No. 200795
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Crystallography ~ Sublattice Model

Laves phases

' .
1969 Gladyshevskii E.I. Ni 800°C. (10731

X 80
“\\NisSi Ni+ rt
Ni3Si
N-70

as a ternary phase,

(Nb)

50 90
Nb Nb:Sis it at.% Si NbSi; Si

© ASM International 2006.  Diagram No. 952160
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Crystallography

Laves phases

Ni
(Ni)

1969 Gladyshevskii E.I.

80

(Nb)

7
Nb Nb:Sis it at.% Si Nk

© ASM Internatior

Nathalie Dupin (CT)

Sublattice Model

800°C (173K
Structure type Pearson symbol Space group No.
MNbN il
11.5Sl0.5 MgZnz hP12 PB3/mme 194
“Standardized

Inorg. Mater.,1969,5,,1882-1884,Gladyshevskii E.|., Koshel' 0.5, Skolozdra F

Preparation
Synthesis
Ni:Si Starting materials No data.

Mo data.

| X-ray Diffraction |Properties

P C rystal Structure (Published)

W Niggli-reduced cell
Crystallographic data
Cell parameters

a = 0.4804 nm, b = 0.4804 nm, ¢ = 0.7823 nm,
a=%",68=90",y=120

cell volume 0.13639 nm?

2 ¥ Crystal Structure (Standardized)

Crystallographic data
Cell parameters a =0.4804 nm, b = 0.4804 nm, ¢ = 0.7825 nm,
a=90",8=90"y=120"
Cell volume &35 i
Cell density (calculated) 8.28 Mg m*?
z 4
Atom coordinates
No M€ i Aom Muttiplicity Wyckaf? Z;:mew x y oz Occupancy
0.730N +
M 0.25051 ® Lo Lo
e + | = (Ni,Si)e(Nb)4(Ni,Si)2
0.750M +
i 0.25051 &

Crystallography and ordering
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Crystallography ~ Sublattice Model

Structure type Pearson symbol Space group No.
Laves phases NoNI\SSi08 i,

*Standardized

J. Less-Common Met.,1985,106,,293-300.Trojko R., Blazina Z.
Ni Preparation
1969 Gladyshevskii E.I. — Synthesis arc-melted, several times remelted
(Ni) i Starting materials No data

» X-ray Diffraction Properties
rlﬂorg P Crystal Structure (Published)
repal T 7

80 Synlphs ¥ Niggli-reduced cell

\\NisSi startin Crystallographic data

Cell parameters a=0.4796 nm, b = 0.4796 nm, ¢ = 0.7907 nm,
a=9",B=9",y=120
Cell volume 01575t nm?

¥ Crystal Structure (Standardized)

S
Crystallographic data

Cell parameters a =0.4796 nm, b = 0:4796 nm, ¢ = 0.7907 nm,
a-90",B=90",y=120

Cell volume 0.1575 nm?

Cell density (calculated) 8.32 Mg m™

z 4

Atom coordinates

site site
No atom Multiplicity Wyckoff x 2z Occupan
natation plctty WOt o mmatry ¥ P

T - - : : :
10 20 A 750 w0 |2 rom i | = (NI)G(Nb,SI)4(N|)2
Nb Nosintat%Si | MM s w w .

Mo e Atom Muttiplicity Wyckof? '

Oco
natation symmetry i % NesnS.

1 i 0.750N + T

SM Internatior 5 E{: . - (NI,SI)6(Nb)4(NI,SI)2
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Crystallography ~ Sublattice Model

Structure type Pearson symbol Space group No.
Laves phases NSRS
“Standardized
J. Less-Common Met.,1985,106,,293-300.Trojko R., Blazina Z.
Ni Preparation
1969 Gladyshevskii E.I. — Synthesis arc-melted, several times remelted

(Ni) ji Starting materials No data

al Structure| X-ray Diffraction Properties
Inorg P Crystal Structure (Published)

Prepal

80 Synlhs ¥ Niggli-reduced cell

o\ iSistaiti Crystallographic data
Cell parameters a=0.4796 nm, b = 0.4796 nm, ¢ = 0.7907 nm,
@=90°,B=90",y=120
= | cell volume 0.15751 nm?
¥ Crystal Structure (Standardized)
Crystallographic data
Cell parameters a =0.4796 nm, b = 0:4796 nm, ¢ = 0.7907 nm,
a-9%",B-%0",y-120
Cell volume 0.1575 nm?
~'| cell density (calculated) 8.32 Mg m™
50 ferys | 2 4
) . E Atom coordinates
Experimental site occupan- | - T
cies are not directely from | cu. v W # . . .
diff . 1 :om e 4 = (Nl)e(Nb,Sl)4(Nl)2
iffraction patterns. e . .
Assumptions are made. Wo B aom Matiplity Wkatt %% xyx Ocupaney
Critical assessment is also (L A
e + | = (Ni,Si)e(Nb)4(Ni,Si)2
needed for these data. sow o Sman

Nathalie Dupin (CT) Crystallography and ordering SATA / Giens Peninsula / 2017 10 / 29



Crystallography ~ Sublattice Model

Laves phases

Ni 900°C  (1173K)
2001 Ding J.J.

... but also
with different
homogeneity
range topology.

z
£

10 20 30 40 50 60 70 80 90
Al TiAl TiAbit at% Ti  TiAlrt (Ti)rt Ti

© ASM International 2009.  Diagram No. 200336
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Crystallography ~ Sublattice Model

Laves phases

Pz
a=0.50095 a=590

.50095(B=90 [13]

TINID.5411.5 hr1z 4.67 b
€=0.B1117 y=120

TI2.13M11.30812.57 MgzCussl
T3, TINIAI 9 P&z /mmc 0.1763

[12] Huneau B., Rogl B, Zeng K., Schmid Fetzer R., Bohn M., and Bauer J., The ternary system
Al-Ni-Ti Part I Isothermal section at 200 °C; Experimental investigation and thermodynamic
calculation, Intermetallics, Vol. 7, 1999, p 1337-1345

... but also
with different
homogeneity
range topology.

10 20 30 40 50 60 70 80 90
Al TiAl TiAbit at% Ti  TiAlrt (Ti)rt Ti

© ASM International 2009.  Diagram No. 200336
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Crystallography ~ Sublattice Model

Laves phases

T3~ "Al3NiTip"

(Mg Zny~-type)
TINID,5A] h o
0.5411.5 P12 o] Occupaton of the 2 ste (0,0,0)
3 TINIA TIZ.13NIL30Al2.57  MgzCu3sl paxmi
[12] Huneau B., Rogl B, Zeng K., Schmid Fetzer R., Bohn M %w
Al-Ni-Ti Part I Isothermal section at 900 °C; Experimental i = °
calculation, Intermetallics, Vol. 7, 1999, p 1337-1345 ®
AN TATA\N J
/ -
- ————
En \\‘\\‘h
5| owmonctmestsienin,zng Sl
3 ~
g
» N
i -
4 RN
|
Al TiAl; TiALt  at.% Ti TiAl rt (Tiy rt ,\ .
- P % Ash ar @ P

Nathalie Dupin (CT)

Fig. 8. Occupation of the atomic sites for the t3-phase as a function of

the Al-content.

© ASM International 2009.  Diagram
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Crystallography ~ Sublattice Model

Laves phases

TINID.5AIL 5 hp1z 0
3 TINIA T12.13N11.30412.5 pexm

[12] Huneau B., Rogl B, Zeng K., Schmid Fetzer R., Bohn M %w
Al-Ni-Ti Part I Isothermal section at 900 °C; Experimental i = °
calculation, Intermetallics, Vol. 7, 1999, p 1337-1345 ®

Compilations may reinterpret original |
data. Original data are safer for crys- ~
tallography also, .

g

s

occupation in %
8

aw
K S
§* \\\ )
i
g occmuonortmemane 2 n
u
" -
Al TiAl; TiALt  at.% Ti TiAl rt (Tiy rt ,\ . 2
» pY POTTRD @ -

Fig. 8. Occupation of the atomic sites for the t3-phase as a function of

the Al-content.
© ASM International 2009. Diagram ‘¢ Abconten
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Laves phases

Crystallography  Sublattice Model

T3~ "Al3NiTip"
(Mg Zny~-type)

(ALNi, Ti)2(ALNi, Ti) is not a good

‘Oceupation of the 2a site (0,0,0)

*
model for the C14 phase. 5,
= (AINi, Ti)s(AlNi, Ti)(AlNi, Ti)s
En \\‘\h
5| occupstion of te 4t site (43,23, Sso
i ~
g
. "
aw
e .
4 RN
10 20 30 40 50 60 70 80 90 " ‘
Al TiAl; TiALt  at.% Ti TiAl rt (Tiy rt J G - -

Nathalie Dupin (CT)

Fig. 8. Occupation of the atomic sites for the t3-phase as a function of

the Al-content.
© ASM International 2009, Diagram ' Alconten
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Crystallography ~ Sublattice Model

Laves phases

Based on its limited non-stoichiometry in some systems and
on partial or bad site occupancies experimental results,

the C14 has often been modelled with two sublattices only,
like the C15.

However, in order to describe properly the C14, MgZn,-type,
phase, 3 sublattices are needed to allow different occupations
for the 3 crystallographic sites.
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Crystallography ~ Sublattice Model

Laves phases

For decades simplified models have been used because
of computers limitations and the impossibility to assess
all the compounds.

These simplications were made grouping together similar
crystallographic sites. It is still interesting to use them
in some cases.

However they may oversimplify phases presenting large
multicomponent area. Nowadays that DFT can help,
models close to the crystallography are recommended.
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Crystallography + DFT

1t Phase

Fe-Mo-Ta Phase Diagram (1992 Raghavan V.)

Mo 900°C  (1173k) APD phase label Peu‘ﬂ;l
S}‘I‘I‘Il‘lo
4 Formula FProtobype I
Published phase i =
label g
Phases shown in this diagram:
(Fejn | cl2
o o ot Im-3m
Mos 1Fera |hR32
Mos 0aF: WeFer
FerMos 05 08Fe7 .92 WEFeT o
TarFes hR39
Taa 5F F

P BG5FEES  |WeFeT o
(Ta,Ma) " clz
o, 72) TagsMoos  |w e

- ! !

Q |

fig (TaFez MoFez ) hP12

= MoFe; MgZnz
Fep{Mo,Ta) G PEI/mmc

10 20 30 40 50 60 70 80 90
Fe at.% Ta TaFes Ta
© ASM International 2006 Diagram No. 2000191
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Crystallography

1t Phase

(Fe)rt

Fe-Mo-Ta Phase Diagram (1992 Raghavan V.)

Mo 900°C

(1173K)

S
2\

[ N

20 30 40 50 60 70 80 90
at.% Ta TaFes

© ASM International 2006

Nathalie Dupin (CT)

Ta

Diagram No. 2000191

Crystallography and ordering

+ DFT

APD phase label
4 . Formula FProtobype
Published phase

label | |
Phases shown in this diagram:

dEa) it Fe w
a
iRl Mos 08FeT 92 WeFer
FeTMog 1
TarFes

Tag 5F F
FeTay a5 5Fess.  (WeFer
{Ta,Ma)

TapsMoos  |w
(Mo, Ta)

(TaFez MoFez ) |
MoFe; Mgznz
Fez{Mo,Ta) %

Pearson
symhbaol

Space group

clz
|m-3m

(R-3m.

hR3g
R-3m

ciz
|im-3m

hP1z
PEI/mmc

MO5.1 Fe7_9 and Ta7 F86

prototype WeFe;

= same model.
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TK

Crystallography

+ DFT

3000 L —L .
1<) 1S - = sy
s &z Z:f !
g o L35
zZ Z z Z
=4 ] e
2004 = Z zZ L

1500

1000

500 T

Nathalie Dupin (CT)

Crystallography and ordering

Prototype u Fe7Wsg

Space group R3m

Pearson symbol hR13

Wyckhoff 6cl | 6¢2 | 6¢3 | 18R

Coordination number 15 | 16 | 14 | 12

Site occupation W | W | W| Fe
SATA / Giens Peninsula / 2017 12 /29



TK

Crystallography + DFT

Prototype p FezWeg
2500 +
Space group R3m
Pearson symbol hR13
2000 +
Wyckhoff 6cl | 6¢2 | 6¢3 | 18R
1500 -
Coordination number 15 | 16 | 14 | 12
1000 -
Site occupation W | W | W| Fe
500
0

6c2 6¢c3

V. Wagner, M. Conrad, B. Harbrecht, Acta Cryst. (1995) C15, 1241-1243

Nathalie Dupin (CT) Crystallography and ordering
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1t Phase

Crystallography + DFT

3000 i i i
= s & & = Prototype u Fe;Wg
S S - = =
= - - =
25004 2 I T T F
s g f£& Space group R3m
2 3z 33 Pearson symbol hR13
200+ = Z ZZ -
X
= Wyckhoff 6¢l | 6¢2 | 6¢3 | 18R
1500 F
Coordination number 15 | 16 | 14 | 12
1000 -
Site occupation W | W | W| Fe
500 T T T T
0 0.2 0.4 0.6 0.8 1.0
XNb
1) - g PR S S BT —— T
o ——CEF5SL  — — (Nb,Ni),(NI
094 R L 20l o | s 5 (Nb,Ni)(Nb)g. L
08 k ° . 3 t
104 L
07 L ° o ° s~ {
5 0.6 ; L2 0 00 oA 2 L
Sos5q e/ £ 0 [ t
3 , 5 o, :
goal [ 9 r H L F
" oa m6c2 |- i L
e 6ct 6 8
024 v6e3 - r
01 R 409 8l L
/ To1273K — CEF @ Argent exp.
T T T
01 02 03 04 05 06 07 08 09 1.0 01 02 03 04 05 06 0.7 08 09 10 01 02 03 04 05 06 0.7 08 09 10
*Nb *No Xno
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TK

+ DFT

Crystallography

Prototype FerWe
Space group R3m
Pearson symbol hR13
Wyckhoff 6¢l | 6¢2 | 6¢3 | 18R
Coordination number 15 | 16 | 14 | 12
Site occupation W | W | W | Fe
1 P T L - e
. 50‘\ . —CEF5SL  — — (Nb,Ni);(Nb)g.
0.9 . b 204 ° L 5 L
08| L ° . 3 E
10 L
074 Fo ’ o ° o ° . [
£oo /oo i o0 of I L
8.y &/ i :
S5 9 e/ £ 0 [ t
B 5 ; 3 ° 4 2
goa [ 9 r H L E- 3
" oa mec2 [ 5. t
e 6ct 88 E
024 v6e3 F
01 oSl 409 o t L
/ To1273K — CEF ® Argent exp.
e e g o ———
01 02 03 04 05 06 07 08 09 1.0 01 02 03 04 05 06 0.7 08 09 10 01 02 03 04 05 06 0.7 08 09 10
*Nb *No Xno
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Crystallography + DFT

i Phase

10 ~:_,ee'i N 40 T R R
RS O (3a)(6c1)(6c2)(6¢3)(18h) °
0.91 30 *(3a)(6c1+6c2)(6c3)(18h) =
O/(3a)(6c1+6c2+6¢3)(18h)
0.8 204 — CEF-5SL
) CEF-4SL ° [
-] Q
0.74 5 — CEF-3sL o ©
K ®
0.6 y S
< 2
o X <
«Z0.5 f . Bl
04 &
@
0.3 = 6c2 |-
® 6el [5}
0.2+ v 6c3 -
3a
0.14 ¢ 18h
T=1273K
0 T -50 L S S S s e
Ni 0 . . . 0.8 1.0 0 01 02 03 04 05 06 07 08 09 1.0
i M Ni Nb
Nb *No

The CEF 5SL using the 32 compounds from VASP and the CEF 451
using the 16 compounds from VASP are very close to CVM.

The CEF 3SL using 8 compounds from VASP 8 is far from CVM for
low Nb content. It will not work properly for all systems.
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Different crystallography

A same model for different structures
» |nterstitials

> Metallic ordering

» Interstitials and metallic ordering
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Different crystallography Interstitials

(M,M")(C,0O)

2000 b 4000
1800 + ]
lig. 3500
1600 3000
1400 L
A2 2500 -
¥ 1200 Fox
[ = 2000 4
1000 A
800 1500
600 L 1000 ~
400 I 500 | |
F—r—— —r—— —— 1
0 0.1 02 03 04 05 06 0.7 0.8 09 1.0 0 01 02 03 04 05 06 0.7 0.8 09 1.0
Cu Ti Ti
Xy Xni
Al (Cu,Ti)(O) B1 (Ti)(C,0)

= C-Cu-Ti: (Cu,Ti)(C,0) both Al and B1
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Different crystallography  Interstitials

(MM"),(C.0)s

The continous modelling between metallic solutions and carbides is based on
crystallographic consideration. This continuity is experimentally observed
in very few systems.

TN c

64Bor

81Ere
o M2C-hcp
& MC-fee
® M2C-hcp+MC-fee
0 MC-fee+C
® M2C-hcp+MC-fee+C
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Different crystallography Interstitials

U(C,Cp,0)

3000 1 1.0 L L L L L L N N N .
o 0.9 Yo I 67Mos
4 Liquid L h = fit L
2700 084 L 704 o
2400 | o 0.7+ t S +63Lev (H-H310) .
2 60 ~720et (HHzo8) r
06+ L 5 .
© 2100 H B 6710 (o
e 505 L 550+ 70mkn (ass) o |
2 1800 4 - 0.4 8 2
2 =404
I 0.3+ s 2
g 1500 r 8
0.2+ L o
£ T 30
E i L
e |9 et ‘
J 3 S— ; -
9001V = r 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
600 =p-U TIK Temperature /K
Ty [ vs temperature for x=0.5 (U)(C)
300 T
0 05 1.0 15 20 : L . L
ng/ny 00 § % L 67Mos
. ogh = it
08 2t L i r
o7 S
2 60 7200t (H-H298)
06 [ 2
670l (as:
' =70.54 » 70Akh (ass.) g
0.4 | F :
03 F [
0.2 s L
0.1 b
02 04 05 08 10 500 1000 1500 2000 2500 3000
% Temperature /K
Vs composition at 1500 and 3000K (U)(€.Cp.0) at xc=05
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Different crystallography Interstitials

Zr3(0,0)(0,0)(0,0O)

2001 Liang et al.: o and o’

3500

3000 ~

2500 -

temperature in K
—h na
o (=)
(=] (=]
(=] S
1 |

1000 +

500

1 1 1 1 1 1 1
liquid a
20,
Jul
=

o' L

Zr S S

pzr g

oZr

w

2
r~ -

k-1

oz

T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1.0
Zr 0]

mole fraction O

Nathalie Dupin (CT) Crystallography and ordering

used:

A [54Dom]
+ [B1Ger]
x [61Hol]
X [73Cla]
* [74Hir2]
07 [76Ara)
@ [T7AcK]
. [78AcK]
< [B0Rau]

not used:
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Different crystallography Interstitials

Zr3(0,0)(0,0)(0,0O)

2001 Liang et al.: o and o’

| | |
12(]0—////‘ » 95Tsu o4 74Ara / B
e 1000 =
9 i i |
© P
‘E 800 o (o) . B
& R {a) i e
g O g |
600 P IR E -
E e ZI’(}l
= NS ¥ L
3 2 - w -
400 :: Zro, &n
i — L
200 T o T
0.0 B 0.2 0.3 0.4
Zr Xy~
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Different crystallography Interstitials

Zr3(0,0)(0,0)(0,0O)

2001 Liang et al.: o and o’

1.0 L | |
z \\ 0/Zr = 0.33 -
b=’ ~
T g \\ oo 4 74Hir +
F <
é .
i "\\‘ {s]
2 05 \Q -
@«
= 4 A B
B g
3
& baq -
= o
= ! T ¢ B
= =
S 02 N B ; 1y
@
E | // / I
La / - (3
0.0 I i i i
300 500 700 900 1100 1300

Température / K
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Different crystallography Metallic ordering

Metallic ordering
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Different crystallography Metallic ordering

Metallic ordering

L2,

!
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Different crystallography Metallic ordering

Metallic ordering

L1,

L2,
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Different crystallography Metallic ordering

a0
[
-
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-
o
D
“©
i)
=

la / 2017 19 /29
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and ordering

Crystallography
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

(A,B)(A,B)(A,B)(A,B) fcc based

s _)/,-(1) = y/’(2) = yl.(?’) = y/‘(4) Al

= |y =y =y 2@ 11,
~ y,(1 #y, =y @ 11,
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

(A,B)(A,B)(A,B)(A,B) bee based

s _)/,-(1) = yl,(2) = yl.(?’) = yl,(4) A2

o |y =y 2B = @) o

~ f —x #fa#y D03 or L2,

|y =y £y =y B32

Nathalie Dupin (CT) Crystallography and ordering SATA / Giens Peninsula / 2017 20 / 29



Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

(A,B)(A,B)(A,B)(A,B) hep based

s _y.(l) = /'(2) = _y.(3) = yl,(4) A3

o |y =y® = y® 2 y® Doy

vy D=y 2y =y By
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

1) (2. (3) (4
E Yi )yj ))’;E Y )Gi:j:kzl
ijkl

—|—F\’T2:asz:yfIny,-S +G*
s i

Relations between the parameters of G(y;) are to be imposed
so that the disorder can become stable. This is obtained taking
into account the symmetries of the lattices.
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

It is in general splitted into two contributions.
G(y7) = G™(x;) + DG (y7)

This is not a requirement. It allows easier management of big
databases, avoiding to introduce the CEF for systems without
significant ordering.

Gd’s (x;) ZX,GdISJrRTZX, In x;

di
+ E xix;L{? + E X,XJXkL,’J B
i,k
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

It is in general splitted into two contributions.
G(y7) = G™(x;) + DG (y7)

The ordering part itself is the difference of two terms, expressed
in the CEF, allowing it to cancel when the phase is disordered.

AGT(yf) = G(y7) = G™(y} = xi)

The relations allowing the phase to disorder are to be imposed
between the parameters defining G(y?). They can easily
be related to the crystallographic symmetry of the lattice.
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Different crystallography ~ Metallic ordering

Metallic ordering

The Gibbs energy of the different phases of a same familly can
be described with a single expression, G(y7), using the CEF,
function of the site occupation of the different sublattices, y7.

It is in general splitted into two contributions.
G(y7) = G™(x;) + DG (y7)

The ordering part itself is the difference of two terms, expressed
in the CEF, allowing it to cancel when the phase is disordered.

AGT(yf) = G(y7) = G™(y} = xi)

In order to use this formalism in Thermo-Calc the following
command has to be given in G_E_S

AMEND_PHASE_DESCRIPTION ord DIS_PART dis
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Different crystallography ~ Metallic ordering

A2/B2 modelling

Weight Pereent Iron
2 o s

B2 L2
-0 =0 1/0—/0—/0
*glorZl va s
o2 2" 26%"°

To be able to describe the 2nd order transition between the
A2, B2 and L2; phases in the ternary system Al-Fe-Ti, the
A2 and B2 phases have to be described with 4SL in Fe-Ti.
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Different crystallography Metallic ordering

bcc ordering
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Different crystallography Metallic ordering

bcc ordering
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Different crystallography Metallic ordering

bcc ordering
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Different crystallography ~ Metallic ordering

bcc ordering

g s
o v
T £

From crystallographic symmetry,
the following configurations are equivalent.

1) 1) 1) 1)
a@% a-$ﬂ a-@-ﬁ .
Y Y Y Y
) 1) ) 1)
a%ﬂ a%ﬂ a%ﬁ 0[%5
Y Y Y Y
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Different crystallography ~ Metallic ordering

bcc ordering

From crystallographic symmetry,
the following configurations are equivalent.

1) 0
a@ﬁ a@,@ B2 configurations
v v
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Different crystallography ~ Metallic ordering

bcc ordering

g s
o v
T £

From crystallographic symmetry,
the following configurations are equivalent.

0 o 0 0
a%ﬁ a%ﬂ a%ﬁ a%ﬂ
gl gl gl gl

D03 configurations
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Different crystallography ~ Metallic ordering

bcc ordering

g s
o v
T £

From crystallographic symmetry,
the following configurations are equivalent.

0 o ) 0
a%ﬁ a%,@ a%ﬁ a%ﬂ
gl ¥ gl gl

B32 configurations
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Different crystallography ~ Metallic ordering

bcc ordering

The fact to assign the same Gibbs energy to equivalent configurations
allows the disordered phase to be stable. This stands for Gibbs energy
of the stoichiometric compounds as well as for interaction parameters.

In Thermo-Calc software, there is an option - B - where the equality
of the Gibbs energy of the equivalent configurations of the irregular
tetrahedron constituting the bcc lattice is built in.

The use of DFT estimates for the compounds that are not stable is
recommended. However, up to the quaternary compounds, a cluster
expansion on the 1st and 2nd neighbours bonds can be used as first
approximation for extrapolation.

I
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Different crystallography ~ Metallic ordering

fcc ordering

The fcc ordering is more simple as the lattice is
built on regular tetrahedra.
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Different crystallography ~ Metallic ordering

fcc ordering

From crystallographic symmetry,
the following configurations are equivalent.

P [ I B
> I - B
P [ 2 B
P P I B
P P - B
P P B B
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Different crystallography ~ Metallic ordering

fcc ordering

From crystallographic symmetry,
the following configurations are equivalent.

A LB B A,

L1, configurations

Nathalie Dupin (CT) Crystallography and ordering SATA / Giens Peninsula / 2017

25 /29



Different crystallography ~ Metallic ordering

fcc ordering

From crystallographic symmetry,
the following configurations are equivalent.

Ay L B B B, A,

L1y configurations
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Different crystallography  Interstitial and metallic ordering

Interstitial and metallic ordering

Al L1, L1o

B1 E2;

The E2; k phase, stable in Al-Fe-C for instance, should be
described with the same model as all these crystallographic
structures, considering ordering between metallic elements
and between C and vacancies.
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Conclusion

Conclusion

The knowledge of the crystallography of the phases is key
for a good thermodynamic modelling.

To estimate properly the configurational entropy of phases
showing large homogeneity range, it is important to use a
model close to the crystallography.

Such models are in general more complex but the parameters
assessment can be tremendously simplified by the use of
DFT estimates for metastable configurations.
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