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Ab initio analysis of energetics ol-phase formation in Cr-based systems
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A theoretical approach to the explanation of experimentally determined positive enthalpy of formation in
Cr-basedo phases is presented. It turns out that the energy of formatian pfiases in Cr-Co and Cr-Fe
systems is found to be negative taking the pure components in-fifease structure as the standard states. Our
treatment represents a first step to a model of an explanation of the stability @efghase.
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[. INTRODUCTION figurational entropy is, at a given concentration, constant in

the o phase. However, vibrational entropy increases with

In 1923 Bairt observed a hard and nonmagnetic phase inemperature, but differently in different phases. Therefore,
the Cr-Fe system, later called the phase. The reaction the relative stability of ther phase could increase at lower

forming this phase was sluggish and thephase was ob- temperatures, due to a positive value of the configurational

served even after a long-time high-temperature annealing iBntropyS; iy and a decrease at higher temperatures, due to

the Cr-Fe system near the 1:1 composition. It attracted a |04 steeper increase of the vibrational entr&py,, in coexist-
of the attention of material scientists because it is very brittlang phases.

and stable and therefore its presence causes severe degrada-
tion of material properties.

. The crystal structure of this phase was determined in 1943 || £| ECTRONIC STRUCTURE CALCULATIONS
with the help of x rays by Cook and Jorfe$he repeat cell
consists of 30 atoms arranged in 5 crystallographically in- To explain experimentally determined heat of formation
equivalent sublattice.® Similar o phases were observed of the o phase, we must know which combinations of occu-
also in other 40) systems such as, e.g., Cr-Co, Cr-Mn, pancies of sublattices in the-phase structure are the most
Fe-V, etc. stable ones at a given concentration and, therefore, which

The reason why this structure is formed is not obvious atotal energies should be compared with the calorimetric data.
first glance. In the calorimetric studies of various authorsFor this purpose we performed first-principles electronic
positive values of the enthalpy of formatidiy,,,, of the ¢  structure calculations of total energies for all possible 32
phase in both Cr-Fe and Cr-Co systems were rep8fted. configurations occurring in the-phase structure of the sys-
The enthalpy of formatioh;,,, represents the change in the tems studied.
Gibbs energyG;,m at T=0 K. If we neglect the tempera- The total energies of the Cr-Fe and Co-&rphases as
ture dependence di;,,,, which is usually very well justi- well as of the pure constituents in the phase were com-
fied in metallic systems, its positive value means thatathe puted by means of the linear muffin-tin orbital method in the
phase should not be stable®K relative to the phases used atomic sphere approximatithLMTO-ASA) using the code
as standard states, which were really existing structures dfy Krier et al'* The exchange-correlation energy was evalu-
the constituent elements in all cases mentiofiedomagnet-  ated within the generalized gradient approximaliGGA).*?
ic hep for Co, antiferromagnetic bece for Cr, and ferromag-We have used thepd basis with the states incorporated by
netic bce for F& It may be expected that entropy contribu- the downfolding procedure and with the combined-
tions are responsible for the-phase formation at higher correction term included** This is apparently the best per-
temperatures. The stability of any solid phas@ &0 Kis formance the LMTO-ASA method may provide. We utilized

governed by the Gibbs energy 512k points in the Brillouin zone. Similarly as in Ref. 13 the
lattice parameters of the tetragonraphase and cell internal
G=E;+PV-TS, (1) coordinates were held fixed at the experimental values for all

configurations. For the Cr-Fe system we used8.797 A,
whereE,,, is the calculated total energy of the phase &l c¢=4.558 A (Ref. 3, for the Co-Cr systena=8.810 A, c
the sum of configurational and vibrational entroghe  =4.560 A (Ref. 14. For thes phases of the pure elements,
changes in the product of pressure and volume may be neve employed the lattice parameters of the CreFHghase; the
glected in the present consideratipriBhe stability of thee  atomic volume of the Cr-Co phase is only by 0.34% higher
phase in some temperature inter¢@h ,T,) (these tempera- than that of the Cr-Fe. As the Cr-Fe and CodCphases are
tures may be found in the corresponding phase diagfam  nonmagnetic, all calculations were performed as non-spin-
lows then from the fact that the Gibbs energy of any othempolarized. Nonmagnetic pure constituents in iephase
phase is higher than the Gibbs energy of thehase. Con- were used as one set of refereriseandargl states.
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2 T . T T . TABLE I. Relative occupationy; [i=2(a), 4f), 8(iy), 8(i,),
L 5 4 8(j)] of inequivalent lattice sites in Gr xe P&, and CE'_XCOCQ(CO o
0 L phases.
5 __ o © = CrFeFeFeFe __ Cr-Fe
—_ FeCrCrCrCr o . Y,
5 0 S e rorared Xee 2@ 4 8() 8(p) 8  Ref
g 4+ o O 0O g — Fe 1 2 .
E B o 7 0.508 0.88 0.25 0.38 0.84 0.34 3
E'6_ " o — 0.517 0.90 0.30 0.413 0.875 0.275 3
u‘je B g 0 AFeReReRecr 0.525 0.90 0.285 0.40 0.85 0.35 3
8 ] — 056 0.70 045 0.55 0.65 0.50 15
| Ceoma - CFeFeCe i 0.567 0.60 0.45 0.60 0.65 0.50 3
1ok B FeCeFeCr _ 0.47 100 1.00 0.00 1.00 0.00 12
A . i 047 1.00 1.00 0.00 1.00 0.00 Thiswork
1 . | . | . | . | . 0.60 1.00 0.00 1.00 1.00 0.00 This work
0.0 0.2 0.4 0.6 0.8 1.0 Cr-Co
() Xre Yi
2 ' — 1 T ' Xco 2@ 4Af) 8(i) 8(x) 8() Ref.
L o i
O n 4 0.33 1.00 1.00 0.00 0.00 0.50 3
0.39 0.65 0.05 0.15 0.625 0.50 15
2 0.40 0.00 1.00 0.00 1.00 0.00 This work
R S - 1 047 1.00 1.00 1.00 0.0 0.0 Thiswork
;'3 4 . CICOCOCODCO I
% 61— - | standard state, is less stakleas a higherG) than those
Vg L o i structures at intermediate composition. The phase in
£ 8 o i _ Cr,_,Fe, and Cy_,Co, systems was experimentally ob-
L @ g B i served for 0.48x<0.58 (Cr-F& and for 0.3 x<0.46
A0 coercec o E _ (Cr-Co).*® Regrettably, the minimum energies for these con-
L () (m cﬁcw?)c:cﬁ o i centrationg solid squares in Figs.(d and Xb)] lie slightly
12k CoCrliCoCr @ e CoCoCoCiCo _| above the lines delimiting the convex region in &g, ,-x
i CoCrCocatt o i plane. This is especially manifested for the Co-Cr system
14 P I A T R TR R [Fig. 1(b)]. The reason for this may be in numerical inaccu-
0.0 02 0.4 0.6 0.8 1.0 racies of the calculated total energies. However, the
b) Xeo points corresponding to FeFeCrFeCr in Figa)land to

CrCoCrCoCr and CoCoCoCrCr in Fig(h) are only slightly

FIG. 1. Calculated formation energies of thephase with vari- ~ above the lines delimiting the convex region and, in the fol-
ous occupancies of sublattice&) Cr-Fe, (b) Cr-Co. The most lowing analysis, we will employ the energy values corre-
stable configurations in the region of existence of thphase are sponding to the solid squares in Figga)land ib).
denoted by the solid squares. Here the hypotheticphase struc- The calculated occupations of inequivalent lattice sites in
tures of pure constituents are taken as standard states. The occuplae Cr-Fe and Cr-Car phases are given in Table I. The
tion of sublattices is given in the same order as in Table |, i@, 2  differences between the calculated values and experimental

4(f), 8(i1), 8(in), 8()- result$'1® encountered in Table | are partly due to the fact

that we were not able to include the effect of the partial

IIl. RESULTS AND DISCUSSION occupancy of individual sublattices in our LMTO-ASA
calculations.

Various combinations of the occupancy of five different |t should be emphasized that the calculated values of for-
sublattices by constituent atoms were taken into account. Th@ation energieswhere the total energies of the-phase
formation energies K;q;) of Cr-Fe and Cr-Coo phases structures of Fe, Co, and Cr atoms are taken as standard
were computed subtracting the concentration-weighted totatates have negative values. This is, however, due to the
energies of pure constituents in thephase from the total choice of the standard states. To be able to compare our
energies ofo-phase alloygFig. 1). The most stable combi- results with experimental data, the formation energies must
nations of occupation of sublatticeslat0 K have the low- be determined with respect to the true ground states of the
est value of formation energy for a given composition ofconstituent elements. As the LMTO-ASA method does not
Cr-Fe and Cr-Co alloys and should constitute a convex reprovide reliable structural energy differences for structures
gion because the hypotheticatphase structure, taken as of different symmetry, we have performed, using the
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TABLE Il. Total energy differenced E between ther phases
and experimentally observed ground states for pure constituents us-
ing the FLAPW-GGA approach. The atomic volume of the ele- 8
ments in theo phase is equal to the experimental atomic volume of
the Cr-Feo phase; the total energies of the ground states are cal- 0 = sigma
culated at the corresponding experimental lattice parameters. The
energies are given in mRy/atom; FM and AFM stand for ferromag-
netic and antiferromagnetic ordering, respectively.

-8

I|I|I|I
[m]
o

Element Phases AE

Co o-(hcp-FM 34.4
Cr o-(bcc-AFM) 15.4
Fe o-(bcc-FM) 30.9

Eform (mRy at! )

spin-polarized
BCC

full-potential linearized augmented plane wav&.APW) 40 P I T T N
method’ and thewiEN97 code’? calculations of the total 0.0 02 0.4 0.6 08

energy of Co, Cr, and Fe in their experimentally observed (a) Xge
structures(at the measured lattice paramejeasd in the
o-phase structuréemploying the lattice parameters of the
Fe-Cr o phase exactly in the same way as in the LMTO-
ASA calculations—see the end of Seg. lin order that the
comparison with the LMTO-ASA energy differences for
phases be legitimate, we used the same GGA exchange cor-
relation functionaf? and the same density & points. The
calculated energy differences are shown in Table II.

On the basis of the FLAPW calculations we could obtain
the formation enthalpies ofr phases with respect to the
ground states of constituent elements as standard §Eagss
2(a) and 2Zb)]. The resulting valuegTable Ill) are positive
which is found in most of calorimetric experimefis.

It may be seen from Figs.(8 and 3b) that the experi-
mental values of heats of formation are strongly scattered.
This is connected to the difficult reproducibility of the calo-
rimetric measurements. Although such measurements are
usually very precisdtypical error is lower than 5% their b)
reproducibility depends on many factdsuch as, e.g., hid-
den chemical reactions, surface phenomena, kinetics of calo-
rimetric processes, ejcwhich cannot be controlled well.
That is why the values for the Cr-Fe system lie within the

—_
[

Eform (mRy at')

HCP

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 2. Calculated formation energies of thgphase(a) Cr-Fe,
(b) Cr-Co. The most stable configurations in the region of existence

range of 3 kJ/mol, for the Co-Cr system even in the range oﬁf th(;:hotiph?se ﬁre dert1rotetd rby thfe sc;hd s?]u:;;es.n:—lerf, "’;gz'nr; the
10 kJ/mol, and it is not excluded that they are influenced by ypotheticalo-phase structures of pure constituents are faxen as

- . . . standard states. The arrows starting at the straight line connecting
some additional systematic error. Taking these facts into G bee Cr and Féa) or bce Cr and hep Cab) states show the
count, the agreement of the calculated and experimental "formation energies with respect to the real standard states.

sults may be considered as quite satisfactory and encourag-

ing.
In the future, we plan to employ first-principles calcula- the Gibbs energy of intermetallic phases in the CALPHAD

tions as a basis for modeling the composition dependence é¢alculation of phase diagrams based on thermochemical

datg method. Nowadays, such a modeling is performed us-

TABLE Ill. Calculated formation energie€,, of the o  ing the assumption that the atoms are ordered on two or more
phases in Gr,Fe, and Ci_Co, (stable structures of the constituent sublattice$:*® The problem consists in the dilemma into

elements are taken as standard sjafBise values in the table cor- which sublattice each element goes and, further, how to re-

respond to the arrows in Figs. 2 and 3. duce the number of sublattices in modeling in order to re-
strict the number of model parameters. For binArB sys-
System X Etorm (kJ/mo) tems (A being an element of the VIth group of the periodical
Cr—Fe 0.47 16.78 table or lower,B being an element of the Vlith group or
0.60 20.28 highep, a guideline for reducing the number of sublattices
Co—Cr 0.40 15.32 was proposed as follows.
0.47 17.56 (i) Combine all sublattices with the same coordination

number(CN) and similar point symmetry into one.
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— 1 ' 1 ' T ' T As an example, for the: phase the following formula was
20 x i obtained: A,B)1o(A,B)16A4.° However, the above-
Caloulated mentioned procedure of modeling .has no exa_ct physiqal
- . background. It only enables us to estimate the lattice stability
of a metastable phase by means of known the Gibbs energies
of stable phases of pure constituents with the same coordi-
nation number. Using this approach, we are able to express
the Gibbs energy of pure constituents in thehase, but this
10— _ Gibbs energy has to be adjusted to phase equlibrium data
Dench (1963),1400K and, _th_erefore, its physical relia_lbility is ques_ti(_)nable. Fur-
- 89% | reaction calorimetry - ther, it is known from x-ray studié$that the mixing of the
o DD”DD Zubkov (1990), 304K constituents takes place at all sublattices. The CALPHAD
5 reaction + dissolution cal model proposed in Ref. 19 does not respect this fact.
Electronic structure calculations could bring a substantial
improvement of that model. Namely, knowledge of a correct
value of the total energy difference between ¢éhphase and
the usual(stable structunestandard state of pure elements
from first principles enables us to build up the Gibbs energy
of the o phase of pure elements on a physically correct en-
20 . — T . ergetical base and only the entropic term must be adjusted to
phase equilibrium data. Subsequently, the values of the
Gibbs energy for continually variable compositions of the

15— —

Hiorm (kJ mol!)

0.0 0.2 0.4 0.6 0.8 1.0
(a) XFe

16— w | Calovlated N real (alloy) o phase could be calculated by interpolation of
- - the results obtained for some specific composifigmch as,
2 _ e.g., in this study Thus, this approach will provide a reliable
Bell (1973), 1473K physical background and considerable simplification of the
i 0| reaction calorimetry T modeling of the thermodynamic properties of thghase in

the CALPHAD method.

Hform (kJ mol-)
o0
I
|

0| | Downie (1983), 473K IV. CONCLUSIONS
4— He | dissolution calorimetry — ) o ) ) )
e The first-principles calculations presented in this work
= B0 Zubkov (1990), 304K - . .
0| reaction + disslution cal. provide a deeper understanding of the role of standard states
O—--------- TTLTT Tttt . in a thermodynamic description of ordered structures and
L 4 enable us to gain insight into the processes of phase forma-
N T e tion. The agreement of the calculated total energy differences
4
0.0 02 04 0.6 0.8 10 between ther phase and other relevant phases of Cr, Co, and
b) Xe, Fe with experimentally measured enthalpies of formation of

the o phase constitutes a reliable basis for further similar

FIG. 3. Calorimetricaly determined enthalpies of formatiomwrof ~ Calculations. These first-principles calculations should be the

phases compared with the calculated formation energie€r-Fe,  first step to determine the stability of various structures and
(b) Cr-Co. Here experimentally observed structures of pure conto assess the formation of unwanted phases, damaging the

stituents are taken as the standard states. properties of materials.
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