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Enthalpies of Formation of L1, Intermetallics Derived from Heats of Reordering

A.R. Yavari

Laboratoire de Thermodynamique et Physicochimie Métallurgiqgue—CNRS UMR 5614, Institut National Polytechnique
de Grenoble, BP 75, Domaine Universitaire, 38402 St Martin d’Héres, France

S. Gialanella
Dipartemento di Ingegneria dei Materiali, Universita di Trento, 38050, Italy

M-D. Baro
Departamento de Fisica, Universitat Autonoma de Barcelona, 08193, Bellaterra, Spain

G. Le Caer

LSG2M-CNRS URA159, Ecole des Mines de Nancy, 54042 France
(Received 25 November 1996

A new method is proposed for estimating the enthalpies of formatioh lef (fcc-ordered) inter-
metallics from the heat release measured during ordering of their disordered polymorphs. The method
is applied to CgAu, NisAl, and NizSi. The resulting estimates of enthalpies of formation are close to
values obtained by high temperature dissolution calorimetry. They also appear to be more precise than
estimates based on Miedema'’s correlations provided that care is taken to account properly for the mag-
netic and lattice stability contributions to the formation enthalpies in the ordered and disordered states.
[S0031-9007(97)03482-0]

PACS numbers: 64.70.Kb, 61.50.Ks, 61.50.Lt, 81.30.Hd

The stability of various phases depends on their therand has a long history [4,5]. It has been more recently
modynamic potentials such as the Gibbs free energy described by the calorimetry and phase diagrams (CAL-
which depends on concentration and external variableBHAD) method [6,7]. For a binary ordered alloy of the
such as temperature. At constant pressure, the molar frégpe(A, B, —,/) p(A,»B;-,») g with the first sublattice pref-
energy of a chemically ordered or disordered alloy strucerentially occupied byt atoms and the second preferen-
ture is determined by the enthalpyHsormaion @and the tially occupied byB atoms, the enthalpy per mole of the
entropyA Stormation Change that accompanies its formationphase is usually written as
from the pure constituents. While the formation entropy
AStormation C@N Often be approximated by the well-known Hu = Hier + Hex,

configurational entropy associated with the combinatoricsvhere the first term refers to the enthalpy of formation
of arranging atoms on the lattice sites of the chosen struef the stoichiometric (perfectly ordered) state. For site

ture with a given state of chemical order [1], smaller con-fractionsy’; andy of A atoms and; andyj of B atoms
tributions such as the vibrational entropy and the magnetign the two sublattices,

entropy also depend on the state of chemical order. For e e e

example, it has been found [2] that for M, the vibra- Hiet = yaya Hapag + yayp Hapsq + Ypya Hppag

tional entropy difference between the disordered-fcc and + yoyeHpps, 1)

ordered-fcc(L1,) states is of the order of a third of the

Conﬁgurationa| entropy. Where"HA,,Aq and o[‘IB[,Bq represent the enthalpies of the
In the present work, we are concerned with the determiconstituent elementd and B in the same crystal struc-

nation of the enthalpy of formatiof Heormation Of Ordered — ture and°Hyu,p, and °Hppa, the enthalpies of the stoi-

intermetallics, which is difficult to obtain and is usu- chiometric compoundd,B, andB,A,, and we assumed

ally measured by high temperature dissolution calorimethat yy + yz = yi + yz = 1 (no vacancies). The sec-

try. However, for most intermetallics such data are notond term,He, expresses enthalpy changes due to devia-

available. In the absence of such data, a quick estimaféons from stoichiometry and is written as

of AHormation CAN be obtained using the correlations of R I

Miedema [3]. We will show that forgcertain ordered in- Hex = yayplyalapa + ypLans]

termetallics,A Hsormation Can be estimated with good ac- + yavgl yaLaas + ysLp.as]

curacy, from the easily measurable enthalpy difference Il

AH,rdering between the disordered and ordered states. T yaypYayslapas. (2)
The thermodynamic modeling of ordered intermetal-whereL; ;.; andL;.; ; are interaction parameters between

lic phases is usually performed using a sublattice modedtoms on a sublattice for a given site-occupancy of the
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other. However, in fully ordered stoichiometric compo- the contributions to the internal energy, of the various
sitions with no antisite defectsi(and B atoms on their nearest-neighbor pairB44, Eag, and Egg (and neglect-
respective sublattices only); = y3 = landyz = yi =  ing next nn effects), the enthalpy per molE,(atoms)

0, and so i, Of EQ. (2), as expected. Furthermokg,; takes the form:

becomes just the enthalpy of formatitH, 5, of the sto-
ichiometric compound,

Het = “Happy (3) = NaZ[0.5p(1 — q/p)Eaa + qEag]

which is usually measured by dissolution calorimetry. = (%)NAZ[(p — q)Eax + 2gEsB], (4)

In what follows we will show that in the particular case | ) ]
of stoichiometric binary phases in which all the nearestVhere the factot;) serves to avoid counting theatoms
neighbors of one of the two sublattices (say ¢heublat-  ON P sites twice. In order to get the enthalpy of formation
tice) are on the other sublattice, the enthalpy of formatiorf* Hformation, W€ must subtract the enthalpies of the pure
of the intermetallic phaséH,,s, can be obtained from constituentyH, + gHj in the same crystal structure:
the “enthalpy of ordering” of its disordered state. This pHj + qHp = (3)NAZ[ pEas + qEgs] (5)
procedure, which to our knowledge has not been previ-
ously used, is of practical importance because it allowgnd
ordering enthalpies to be obtained easily from differential 1
scannir?g canriF;netric analysis instead yof more difficult AHrormaion(Ap By) = (GINAZI(p = @)Eas + 2qE4s]
methods such as dissolution calorimetry. Furthermore, — (pHy + qHp)
the method allows the determination of the enthalpies of _ it
formation of permanently ordered intermetallics such as NaZglEap = () (Ean + Epp)].
NisAl from the reordering enthalpies of their metastable (6)
disordered polymorphs obtained by simple methods such
as ball milling.

Consider a phasd,B,, of the type CyAu-L1, (or-

H(intermetalliQ = ngsEas + napEap + nppEgp

Consider now the enthalg¥ (solid-sol) of a disordered

solid-solution of composition identical to that of the

. , intermetallic A,B,. In this case the two sublattices

Sﬁtr)?:tti?g)o?t;lﬁgtucrjbgevghsltghrg ?)toggsth??gfyume disappear as the site occupancy will be random for both

cell and theA atoms are gn the sﬁblattice of cube-faceA and B atoms. Assuming a similar nn approximation
for estimating the enthalpy withA, BB, and AB bond

. ; . .
sites (). .In th'i ?tl’UCtUI’G,_W}hICh can be referred 1o energies the same as in the ordered state, bond counting
asA,B, with ¢ = 7 and p = 7, the B atoms of the 4, Eq. (4) yields

y" sites have all theiZ = 12 nearest neighbors (nn) on )
the p sublattice corresponding to the absence of By H(solid-sol) = (E)NAZ[szAA + 2gpEag + ¢*Egs]
nearest neighbors (nn) while atoms on tHesites have (7)
only BZ = (¢q/p)Z = 4 on theq sublattice 4B nn) and , ) )

(1 = B)Z = 8 on their ownp sublattice AA nn). If we and the formation enthalp Hsormation (SOlid-sol) is ob-

approximate the enthalpy of such a structure in terms| ofdined after deduction of the pure constituent enthalpies of

Eq. (5):
A Hjormation (SOlid-sol) = (%)NAZ{[PZEAA + 2qpEap + q*Epg] — [pEas + qEgsl}
= NaZqplEap — (%)(EAA + Egp)], (8)

which is commonly known as the regular solution expression and where we havepusegl = 1. The ordering
enthalpy is then given by

AI'Iordering(SOIid'SOI) = AI'Iformation(Aqu) - AI_Iformation(SOIid'SOI) = NAZqz[EAB - (%) (EAA + EBB)]~ (9)

Using Egs. (6) and (10), the intermetallic’s enthalpy bfthe same fundamental crystal structure or are magnetic,
formation can be simply written as additional terms must be considered).
. As a first example of application of Eq. (10), we

AHtormation (ApBg) = AHordering/q » (10)  consider the CiAuU-L1, structure. This intermetallic has
thus allowing its derivation from the measurement ofbeen extensively studied because it is fairly simple (the
the ordering enthalpy. It must be emphasized that theonstituent elements and the intermetallic are all fcc)
simple form of relation (10) is not only due to the and undergoes an ordef disorder transformation near
assumption of pair-wise interactions and equality of500 K, and is thus available both in the intermetallic
“bond energies’Es4, Epp, and Exp in the ordered and and the solid-solution (disordered) states corresponding to
disordered structures, but also due to the absend@&®f Eqgs. (6) and (8).
nearest neighbors in the stoichiometric compound. (We In the case of isostructural Mil, the intermetallic
will see later that ifA, B, and A,B, do not all have decomposes by a peritectic reaction from its ordered state
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and the disordered state of Eq. (8) can be obtained onlfjd5]. Such a contribution must be included for the Si con-
by nonequilibrium processing (such as ball milling [8,9], stituent in the formation enthalpy Mi. Thus, globally,
vapor deposition [10], and to some degree by rapidEg. (10) becomes

solidification [11]). In this case a magnetic contribution to

the formation enthalpy must be included (because the NAHformation(ApBg) = AHordering/q + AHmag + AHS,

constituent is ferromagnetic while the intermetallic and its (14)

disordered state are paramagnetic down to 60 K or below,

depending on purity) NisAl and Ni;Si were disordered by heavy deforma-
AHpae = Hiag(@lloy) — (pHil,, + qHE,, (11)  tion (ball milling). Disordering was followed by the grad-

ual disappearance of superstructure Bragg peaks from the
x-ray diffraction spectra and by low temperature suscep-
fibility measurements. The heat release that accompanies
reorderingA Horqering Was then measured by differential

The magnetic enthalpy change upon alloyingH y,,,
is calculated using experimentally measured magneti
moments B, (in wp Bohr magnetons per atom) and
Curie temperature$;. of each phase following a method gc4nning calorimetry [14,16]. Many others also reported
proposed by Hillert and Inden [12,13] which fits well the ¢, experiments on M [8,9]. However, NiAl is me-
data for pure elements or alloys with a single magnetiGhanjcally very hard and gets contaminated by fragments
component followmg the S|mple dilution I‘?""' from the milling device. We therefore use the results of
Hpoo(T) = RT IN(By + 1)A(T/T,) (12) Zhou and Bakker [14] (as given in Table I) who disor-
dered their intermetallics in a device made of tungston-

and A ‘ carbide, a material harder than;Ni. Table | also gives
T /T;) = {(=0.564/P) (T /T;) + 0.954(1/P — 1) the lattice stability, and magnetic contributions to the en-
X [(T/T?/2 + (T/T!)°/15 thalpy of formation of the intermetallics. Since both the
‘ disordered and ordered states ofAiand Ni;Si are para-
+(T/T))"/40}}/D , magnetic at room temperature and above, they have equal

whereB) andT! are, respectively, the magnetization (in magnetic enthalpy and there is no magnetic contribution

wp per atom) and the Curie temperature of phask is  to the enthalpy of ordering. HowevekH.,,, of the inter-
the gas constanB = 0.28 andD = 2.34 for fcc lattices.  Metallics as well as the lattice stability contributions must

Hpnag is negligible forT /T, > 1. be inclqded in _their formation enthalpies as in Eq. (14).
As another example, we consider thé, state of the The lattice stability terms have been calculated using stan-
intermetallic NiSi which also can be disordered by heavydard CALPHAD equations [15] at 500 K and the mag-
deformation (milling) as reported by Shou and Bakkernetic terms using Egs. (11) and (12) willf" = 633 K
[14]. While for CwAu and NiAl, all the constituent andBg (500 K) =~ 0.4up. T = 500 K was selected be-
elements have fcc structures, as in the case @BiNi cause the transformations back to the ordered state during
Si goes from the diamond cubic structure to fcc upon@nnealing were found to occur near this temperature, de-
alloying. Usually when element$ with crystal structure pending on the composition and heating rate (the lattice
« and B with crystal structure8 mix to form an alloy stabilities are not strongly temperature sensitive). Using
with crystal latticey at a given temperature, the enthalpy the values of Table | together with Eq. (14), we derive
of formation of the alloy includes a contribution given by AHformaion @nd compare it in Table Il to estimations with
AHLS — pELS 4 opLS (13) the Mledemg model an,dHforma_tion values obtalneq from_

PH A T qH B other experimental results (high temperature dissolution
whereH); ., andHy;-, are the so-called lattice stability calorimetry). It can be seen that agreement between en-
terms associated with enthalpy differences between the irihalpies of formation derived from the heats of reordering
termetallic latticey and the equilibrium room-temperature measured by differential scanning calorimetry are in good
latticesa and B8 of the pure elements. They are experi- agreement with independently obtained experimental data.
mentally available or calculated with good precision andOur new procedure seems to give somewhat better results
are given in internationally compiled data bases such athan Miedema’s semiempirical method.

TABLE I. Lattice stability, magnetic and experimental ordering enthalpies lgftype CuAu, NisAl, and Ni;Si (in kJ/mole of
atoms).

Ordered fcc L1,)

intermetallics AH'S AH e AH AHordering
(enthalpies in kdmole of atoms) Lattice stability (Compound) (Disordered) Experimental, DSC
CuAu 0 0 0 -2 = 0.1 [16]
NizAl 0 14 14 —8.5 + 0.5 [17]
NisSi 1.3 14 1.4 —10 = 0.2 [14]
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TABLE Il. Enthalpies of formation of.1,-type CuAu, NisAl, and Ni;Si derived from their heats of reordering using Eq. (14) as
compared to values obtained by dissolution calorimetry and by Miedema’s method (alinilieJof atoms).

Ordered fcc L1,)

intermetallics AH¢omaion (intermetallic) AH¢omaion (intermetallic) AH¢omaion (intermetallic)
(enthalpies in kdmole of atoms) (Dissolution calorimetry [3]) (Miedema [3]) fromM Horgering [EQ. (14)]
CuAu -7 +0.5 —-10 -8+ 04
NizAl -38*3 -33 -33 %5
NisSi -36 —26 -37 %5

Depending on the grain size, the measured heat rdive of the dominant role of nearest-neighbor interactions
lease may include a contribution from grain growth oc-in ordered fcc intermetallics. More generally, the approach
curring simultaneously with reordering where disordering is likely to be limited to cubic superstructures because the
has been accompanied by extreme grain refinement. Thisse of the assumption of equality of pairwise interaction
would lead to an overestimation of the formation en-energies in the disordered and ordered states requires little
thalpy using Eqg. (14). For example, in an intermetal-or no change in nn distances upon disordering. The
lic disordered by milling with nanocrystalline grain size, method can be used with sputtered or ball-milled samples
the grains were found to grow from a diameter of abouttogether with differential thermal analysis (DSC or DTA),
13 nm in the as-milled disordered state to 18 nm duringhus avoiding high temperatures.
ordering near 500 K (see [18]) corresponding to a grain- The authors are grateful to I. Ansara, Director of Re-
boundary specific surface reduction @0’ cn?/mole  search at the CNRS, for precious advice. This work was
of atoms with an expected heat release of less thafunded by the European Union HRM network coordinated
1 kJ/mole to be compared to the ordering enthalpies oby R. W. Cahn.
ball-milled Ni;Al and Ni;Si in Table I. On the other hand,
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