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Crystal structure data

a
83§
g2 3
b
c

Fig. 78. Mgz aCusss recult 20 jours 4 500°C (K, Cul
Fig. 7b. Mgz nClisz,e non recuit [K,Cu}
Fig. 76, MgsNisss recuit 22 jours & 480°C (K,Cul avec indication des rales utiliséas pour ke caloul du paramétre a,
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Crystal structure data
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Fig. 78. Mgz aCusss recult 20 jours 4 500°C (K, Cul {
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Crystal structure data

TasLe 11I.—Alloy A (5 per cent. Mg).
( Face-centred cubic.)

Radiation. Rkl Tuotensity. djn observed, djn caleulated,
* Kg ioviiinnnnnne 111 Y.W, 4186 4-043
* Ko vorvreeiiinnnn 111 V.W. 4029 4043

Kg 111 M. 2-089 2-089

Ky oiviiiiirnnns 111 St. 2-098 2098

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

Ka 100 (2) St. 1821 1817

Ky orieeiinenn, 110(2) St, 1-283 1-284

Le (tungsten) . 131 w. 1093 1096

Ky oooovnmennn.. 131 St. 1:094 1085

Nore.—Lines of 3 phase are marked with an asterisk (»).
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Crystal structure data
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Crystal structure data
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Crystallographic information

I Nature of the phase
prototype, StrukturBericht

I Number of sites
I Site multiplicity
2/1 to be preferred to 0.67/0.33

| Site occupancy
I Volume

Nathalie Dupin (CT) Crystallography and ordering SATA / Port-Royal / 2015 3/25



Same crystallographic structure
) Same phase in the database

I Obvious when similar compaosition, similar elements, known cents
solubility

I Not obvious when di erent compositions in simple systems, very
di erent crystallographic parameters, no reciprocal solitil

I Not recommended when no common elements, no reciprocal
solubility, very di erent interactions, ex: CsCI/NiAl
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Same crystallographic structure
) Same phase in the database

(Cu) and (Co) ht

prototype Cu
) same model.
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Same crystallographic structure
) Same phase in the database

Fe-Mo-Ta Phase Diagram (1992 Raghavan V.)
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Same crystallographic structure
) Same phase in the database

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

Fe,Ta and Fe>Mo
prototype W gFe;
) same model.
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Crystallographic structure
) thermodynamic model
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Crystallographic structure
) thermodynamic model

) (Cu)2(Mg)
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Crystallographic structure
) thermodynamic model

+ homogeneity range ) (Cu,Mg) »(Cu,Mg)
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Crystallographic structure
) thermodynamic model

(Cu,Mg)2(Cu,Mg)
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Crystallographic structure
) thermodynamic model

(Cu,Mg)2(Cu,Mg)

Cil5 _ 16c ,,8b ~C15 16c ,,8b ~C15
G = Ycu Ycu u:Cu + Yeu yMg C':‘Cu:Mg

16¢c ,,8b ~C15 16c,,8b ~C15
+ yMg Ycu GMg:Cu + yMg yMg GMg:Mg

X X '
+RT 2 yi16C In yi16C + yi8b In yi8b
i i
+ Y& Vg Y L& es

X
8b ,,8b 16c | C15
* Ycu yMg Yi I-i:Cu;Mg
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Crystallographic structure
) thermodynamic model

(Cu,Mg)2(Cu,Mg)

Cu:Mg Mg:Mg
1.0 . 10
/
0.9+ s = s
0.8 / 3 b [
/
0.7 B /s r 0 =
0.6 = =
4 g
% £0.5 / F > -5 F
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0.3 . 3 107 [
s/
0.2 s/ L
P 15+ =
01{ 3
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Crystallographic structure
) thermodynamic model

CupMg Zny,Mg Ni>Mg

CwMg 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 substitution in order to
describe their stoichiometry.

The C14 is often identi ed in
multicomponent alloys of industrial
U. Kattner et al., Calphad XLII interest.
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Crystallographic structure
) thermodynamic model

1995 Joubert J.M.

The C14 often appears as an
extension of a binary phase
in temperature and compo-
sition along an almost con-
stant composition line,
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Crystallographic structure
) thermodynamic model

1969 Gladyshevskii E.I.

as a ternary phase,
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Crystallographic structure
) thermodynamic model

1969 Gladyshevskii E.I.

as a ternary phase,

) (Ni,Si) 6(Nb) 4(Ni,Si) >
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Crystallographic structure
) thermodynamic model

1969 Gladyshevskii E.I.

as a ternary phase,

) (Ni) 6(Nb,Si) 4(Ni) 2
) (Ni,Si) 6(Nb) 4(Ni,Si) >
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Crystallographic structure
) thermodynamic model

1969 Gladyshevskii E.I.

Experimental site occupan-
cies are not directely from
di raction patterns.
Assumptions are made.
Critical assessment is also
needed for these data.

) (Ni) 6(Nb,Si) 4(Ni) 2
) (Ni,Si) 6(Nb) 4(Ni,Si) >
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Crystallographic structure
) thermodynamic model

2001 Ding J.J.

with di erent
homogeneity
range topology.
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Crystallographic structure
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Crystallographic structure
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Crystallographic structure
) thermodynamic model

2001 Ding J.J.

Compilations may reinterpret original data.
Original data are safer for crystallography also.

with di erent
homogeneity
range topology.
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Crystallographic structure
) thermodynamic model

1998 Buhler T.
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Crystallographic structure
) thermodynamic model

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, Mg#ype,
phase, 3 sublattices are needed to allow di erent occupasion
for the 3 crystallographic sites.
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Crystallographic structure
) thermodynamic model

For decades simpli ed models were 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
for phases that can be considered as stoichiometric.

However they oversimplify phases presenting large
multicomponent area. Nowadays that DFT can help,
models closer to the crystallography should be used.
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Crystallographic structure + DFT
) thermodynamic model
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Crystallographic structure + DFT
) thermodynamic model

32 compounds,,
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Crystallographic structure + DFT
) thermodynamic model
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Crystallographic structure + DFT
) thermodynamic model

CEF 5 VASP 32  compounds CEF 3 VASP 8 compounds
(Nb,Ni) 3(Nb,Ni) g(Nb,Ni) §(Nb,Ni) (Nb,Ni) 18 (NDb,Ni) 3(Nb,Ni) 1g(Nb,Ni) 18
away from CVM for low Nb content,
CEF 4 VASP 16 compounds (6¢1+6¢2) possible problem in multicomponent extension

(Nb,Ni) 3(Nb,Ni) 12(Nb,Ni) g(Nb,Ni) 18
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Same phase in the database
) Dierent crystallography

I Interstitials
I Metallic ordering
I Interstitials and metallic ordering
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Interstitials

W

W

w

W

Al (Cu,Ti)( )
) C-Cu-Ti: (Cu,Ti)(C,
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Interstitials

The continuity between metallic solutions and carbides ideerved
in very few systems.
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Interstitials

vs temperature for xc =0.5 (U)(©©)
W
t,"w

wit w

w
t wi

t
wt w

vs composition at 1500 and 3000K (U)(C,C2, )at xc=0.5
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Interstitials
2001 Liang etal.: and ') Zr; (O, ) (O, ) (O, )

Nathalie Dupin (CT) Crystallography and ordering SATA / Port-Royal / 2015 14/ 25



Interstitials
2001 Liang etal.: and ') Zr; (O, ) (O, ) (O, )
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Interstitials
2001 Liang etal.: and ') Zr; (O, ) (O, ) (O, )
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Metallic ordering

Fe Ti Fe

Al Ni

Fe
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Metallic ordering

A2
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Fe
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Metallic ordering

A2 A
y JJ’ ' Fe Ti Fe o] Yk
VA )
L 7
L1, fe—*
BZ W W/ Lz f/f/
e Al Ni f f/
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L (I
L1lo
L2, A
i eV - Fe ¥
i VA
VI V. £ f
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Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

Nathalie Dupin (CT) Crystallography and ordering SATA / Port-Royal / 2015 16 /25



Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

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

1 2 3 4
y® = y@ = @ = @ pq

@ _

2 3 4
yO = y@ = y@ g @ |9,

@ _

y® = y@ g @ = y@ 9
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Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

(A,B)(A,B)(A,B)(A,B) bce based

1 2 3 4
y® = y@ = @ = @ po

1 2 3 4
yO = y@ g y@ = @ gy

yi(1> — yi(Z) 6 yi(s) 6 yi(4> DO; or L2;

yO = y® g y@ = @ g3o
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Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

(A,B)(A,B)(A,B)(A,B) hcp based

1 2 3 4
y® = y@ = Y@ = @ pq

@ _

2 3 4
Yi yi( ) = yi( '6 yi( ) D019

@ _

2 3
Yi yi( '8 yi( ) = yi(4) B1g

Nathalie Dupin (CT) Crystallography and ordering SATA / Port-Royal / 2015 16 /25



Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

X X X
G(y®) = yi(l) yj(Z) y|£3)V|(4) Gk + RT a  y’lny’+ G*
ki s i

Relations between the parameters 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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Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

It is in general splitted into two contributions.
G(y?) = G™(x)+  G™(y)

This is not a requirement. It allows easier management of bigattases,
avoiding to introduce the CEF for systems without signi cantdaring.

. X _ X
GdIS(Xi) = Xi Gidls + RT Xi In X
i i
X dis dis
oGk XXl
] [
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Metallic ordering

The Gibbs energy of the di erent phases of a same familly can
be described with a single expressi@yy®), using the CEF,
function of the site occupation of the di erent sublatticey®.

It is in general splitted into two contributions.
G(y?) = G™(x)+  G™(y)
The ordering part itself is the di erence of two terms, expsesl
in the CEF, allowing it to cancel when the phase is disordered
Gr(yf) = Gy’ Gy’ = x)

The relations allowing the phase to disorder are to be imposed
between the parameters de ninG°9(yS). They can easily
be related to the crystallographic symmetry of the lattice.
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A2/B2 modelling

A2 B2 L2;
WA L VAR A
ARy WARIRY, AV
] [ € |
AR YAy A RRVARNY
WA vy VARV Y

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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bcc ordering
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bcc ordering
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bcc ordering
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bcc ordering

From crystallographic symmetry,
the following con gurations are equivalent.

cal i

o e wpr oo
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bcc ordering

From crystallographic symmetry,
the following con gurations are equivalent.

v e
‘iﬁe V@@V B2 con gurations
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bcc ordering

From crystallographic symmetry,
the following con gurations are equivalent.

rl A

D03 con gurations
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bcc ordering

From crystallographic symmetry,
the following con gurations are equivalent.

B32 con gurations
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bcc ordering

The fact to assign the same Gibbs energy to equivalent con gunadi
allows the disordered phase to be stable.

This stands for Gibbs energy of the stoichiometric compounds

as well as for the interaction parameters.

In Thermo-Calc software, there is an option - B - where the equnak of
the Gibbs energy of the equivalent con gurations 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. When it is not possible up to the quaternary conmolsu
a cluster expansion on the 1st and 2nd neighbours bonds can be used
rst approximation to extrapolate.

Vv

Eﬁe g@/ gﬁie ) e and &—V
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fcc ordering

The fcc ordering is more simple as the lattice is
built on regular tetrahedra.

L

\7a 17

=
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fcc ordering

From crystallographic symmetry,
the following con gurations are equivalent.

f f f/ f/

4 # 4 9
P hiv ¥hiv bEhi b

f f f/ f/

14 # 4 9
bhi ®hiv thiv thT

f f f/ f/

14 P 14 4
bhiv ¥hi fthiv thi

f f f/ 7

14 4 14 4
bhiv fhiv Ehi thiv
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fcc ordering

From crystallographic symmetry,

the following con gurations are equivalent.
f f 1% f

9 4 4

14
b ¥ b b ¥ b Jv
L1, con gurations
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fcc ordering

From crystallographic symmetry,

the following con gurations are equivalent.
1% f f 1 1%

9 4 4

0 9
f bJ P biv &bi ¥ b f b Jv
L1y con gurations

e
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A1/L12 modelling
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Interstitial and metallic ordering

Al L1 L1, f
f f/f/ ff/ f ff/
f/ 7 f

i/ £/ f i f
Bl E2
f/rrﬂf/;/r flrffl
r ¥ r ¥ I
o & £ r f

The E22 phase, stable in Al-Fe-C for instance, should be
described with the same model as all these crystallographic
structures, considering ordering between metallic elersent
and between C and vacancies.
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Conclusion

Conclusion

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

To estimate properly the con gurational 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 simpli ed by the use of
DFT estimates for metastable con gurations.
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